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Materials with high multi-photon absorption cross-section are of recent interest in opto-
electronic and biological applications such as lasing, optical limiting, three-dimensional data 
storage, multi-photon microscopy etc. Owing to the properties such as remarkable photo 
stability, brightness and size dependent absorption and emission, semiconductor nanocrystals 
(NCs) are preferred over other conventional fluorophores as bio-imaging probes in multi-photon 
microscopy. The major impediment to use multi-photon absorption in NCs for practical 
applications is the requirement of high excitation intensity because of the low absorption cross-
section of nanocrystals in near-infrared (NIR) wavelengths. This dissertation aims at enhancing 
the multi-photon absorption cross-section of nanocrystals in NIR wavelengths by doping and by 
forming hetero-nanostructures. Specifically, this thesis presents the nonlinear optical 
investigations of the multi-photon absorption induced photoluminescence in Mn
2+
-doped ZnS 
nanocrystals and CdS-CdSe-CdS segmented nanorods. In addition to the nonlinear absorption 
studies, the charge transfer dynamics in CdS-CdSe-CdS segmented nanorods is also presented in 
this thesis. 
An introduction to the optical properties of semiconductor NCs is given in the beginning 
of Chapter 1 followed by a brief introduction to hetero-junction nanomaterials. The succeeding 
section deals with the carrier dynamics in single component and hetero-junction semiconductor 
NCs. In the subsequent section the basics of multi-photon absorption (MPA) and related optical 
nonlinearities, which lay the foundation for the work presented in this thesis, are outlined. This is 
followed by a review on the MPA studies in single component and hetero-junction 
semiconductor NCs. This is followed by a discussion on the significance of excitation in NIR-I 
and NIR-II window. The objectives and scope of the work presented in this thesis are outlined in 
the concluding section of Chapter 1. The operational principles of the different techniques used 
for the non-linear optical characterization and carrier dynamics study such as Z-scan technique, 
transient pump-probe spectroscopy, and multi-photon absorption induced photoluminescence 
(MPA-PL) measurements are discussed in Chapter 2. 
Doping can modify the photoluminescence (PL) emission wavelength of semiconductor 
NCs by introducing additional levels in the energy gap. ZnS is a less cytotoxic material with less 
PL quantum yield. The emission wavelength in these NCs can be shifted to NIR wavelengths, by 
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finding appropriate dopants. In Chapter 3, we present our results on the red emission in ZnS NCs 
where we propose that the emission in ZnS nanocrystals can be shifted to NIR-I window by 
doping with O
2-
 ions, in the presence of interstitial sulfur ions in these NCs.  Besides changing 
the excitation and emission, the quantum confinement effect in QDs as well as the strain in the 
lattice due to defects can change other properties as well, such as shift in the vibrational modes 
of the lattice. Raman spectroscopic studies in these O
2-
 doped ZnS NCs were also presented in 
chapter 3 which gives a better understanding on the shift in the vibrational modes on reducing 
the size of semiconductor from bulk to nanometer range. 
Transition metal doping can change the multi-photon absorption cross-section in 
semiconductor NCs besides changing the emission wavelength and PL quantum yield. Chapter 4 
primarily deals with understanding the effect of Mn
2+
-doping in the MPA properties of ZnS QDs 
on excitation in NIR-I and NIR-II window. In the first section of Chapter 4, we present the 
derivation of 3PA theory for wide band gap semiconductor QDs (direct band gap) such as ZnS, 
without considering the presence of any defect levels in the band gap. The details of the 
synthesis procedure and linear optical characterization studies in Mn
2+
-doped ZnS QDs are 
presented in the subsequent sections.  This section is followed by our investigation on the multi-
photon action cross-section of Mn
2+
-doped ZnS QDs on excitation in NIR-I window. With the 
intention of understanding the effect of Mn
2+
 doping on determining the multi-photon action 
cross-section in doped ZnS QDs, the results are compared with undoped ZnS QDs of similar size 
as well as the theoretical prediction under four band model for undoped ZnS QDs of similar size, 
without defects. The succeeding section of Chapter 4 describes our investigation of multi-photon 
action cross-section on excitation in NIR-II window. The chapter is concluded with the transient 
PL measurements in Mn
2+
-doped ZnS QDs on multi-photon excitation. 
Apart from changing the size of the NC or doping, a different method to enhance two-
photon absorption over a wide range of wavelength is to form composites where the constituent 
components already possess large two-photon absorption. Here, local field can determine the 
effective two-photon absorption cross-section, in addition to the weighted averages of the 
component semiconductors and hence providing a way to engineer the optical nonlinearity in 
semiconductor NCs. Chapter 5 deals with this aspect, in particular, the chapter focuses on the 
investigation of multi-photon absorption properties in CdS-CdSe-CdS segmented nanorods. The 
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procedure for the synthesis of CdS-CdSe-CdS segmented nanorods is presented in the first 
section of this chapter. This is followed by the analysis of the linear optical characterization in 
these nanorods. The next section deals with the Z-scan measurements as well as the multi-photon 
absorption induced PL measurements in CdS-CdSe-CdS nanorods. The effect of the composite 
structure on the optical non-linear properties of CdS-CdSe-CdS segmented nanorods is also 
examined in this chapter by considering the effect of local field, as suggested by Maxwell-
Garnett theory. 
The superior photoluminescence of CdS-CdSe hetero-nanostructures is a result of the 
efficient charge transfer from CdS to CdSe and subsequent recombination in CdSe. In the final 
chapter (Chapter 6), we investigate the dynamical properties of photo excited carriers in CdS-
CdSe-CdS segmented nanorods using femtosecond transient pump-probe spectroscopy. The 
carriers generated in CdS can have different relaxation channels with charge transfer to CdSe 
being a dominant mechanism. Different relaxation mechanisms of the photo generated carriers in 
CdS segments have been investigated in this chapter.  Excitation at higher intensities is required 
for applications such as multi-photon microscopy. As the intensity increases, other relaxation 
mechanisms such as Auger recombination can become significant in semiconductor NCs and 
these mechanisms can considerably affect the charge transfer also, resulting in reduced PL 
quantum yield at high intensities. In Chapter 6, we also present our investigations on the charge 
transfer dynamics in CdS-CdSe-CdS segmented nanorods at high excitation intensities (when the 
average number of electron-hole pair per nanorod greater than unity). In particular, we examined 
the effect of Auger recombination on charge transfer in CdS-CdSe-CdS segmented nanorods. 
 
The present work is expected to lead to a better understanding of the non-linear optical 
properties of nanomaterials and provide a platform for engineering their non-linear absorption, 
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Semiconductor nanocrystals (NC) are materials with one or more dimensions confined to the 
nanometer range (< 100 nm) and they have received much attention from the early 1980s (Efros 
and Efros, 1982;  Ekimov et al., 1985;  Rossetti et al., 1983). There has been a growing interest 
in the synthesis, characterization and application of nanoparticles since then, for the reason that 
the transition from bulk to nanoparticle form leads to immense changes in the physical and 
chemical properties with size and shape (Smith and Nie, 2009;  Regulacio and Han, 2010;  
Lesnyak et al., 2013;  Sowers et al., 2013). In addition to this, the small size also results in 
increased surface to volume ratio providing different ways to control the electronic and optical 
properties of nanocrystals (El-Sayed, 2004;  Smith and Nie, 2009). The properties of 
nanomaterials such as size dependent emission and molar absorption coefficient, broad 
absorption spectra with narrow and symmetric emission etc. have been found to be very useful 
for potential applications such as bio-imaging, light emitting diodes, sensors, photovoltaics etc 
(Resch-Genger et al., 2008;  Rogach et al., 2008;  Swarnkar et al., 2014;  Kamat, 2013;  Son et 
al., 2014). The large surface area of nanoparticles also permits the attachment of multiple 
diagnostic (eg: optical, magnetic or radioisotopic) and therapeutic agents (eg: anticancer agents) 
(Rhyner et al., 2006). 
Jain and Lind discovered that optical nonlinearity of the semiconductor quantum dots (QDs) 
can be enhanced by artificially confining the electrons and holes to regions smaller than their 
natural delocalization length in the bulk, called as the quantum confinement effect (Jain and 
Lind, 1983). The electronic state structure and the symmetry of wave functions get altered as the 
size and shape of the semiconductor nanocrystals changes, resulting in variation in both the 
linear and non-linear optical properties such as two-photon absorption and three-photon 
absorption (Li et al., 2001;  Kim et al., 2007;  Smith and Nie, 2009;  Feng and Ji, 2009). 
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Extensive studies have been done to investigate the non-linear optical properties of 
semiconductor nanocrystals, in view of their potential applications in optical limiting for 
protection of optic sensors from laser induced damages, three-dimensional optical data storage, 
optical switching for optical communications etc (Feng and Ji, 2009;  He et al., 2007). More 
recently, there have been significant efforts in exploring the use of these semiconductor 
nanocrystals in multi-photon microscopy exploiting the property of multi-photon absorption 
induced photoluminescence in these materials on excitation using Near-Infrared (NIR) 
photons(He et al., 2008a;  Chen et al., 2013;  Diaspro et al., 2006b). Near-Infrared window I 
(650 nm to 950 nm) photons suffer less scattering and absorption in biological tissues and hence 
were found to be suitable for in-vivo optical imaging (Smith et al., 2009;  Welsher et al., 2011). 
In the last decade, a new optical window called Near-Infrared window II (1000 nm to 1350 nm) 
with enhanced penetration depth of the incident photon has been identified in which scattering 
and autofluorescence in biological tissues are much less than other wavelength regions (Welsher 
et al., 2011;  Smith et al., 2009). Semiconductor nanocrystals are found to have enhanced 
photostability and high PL quantum yield in NIR-window compared to organic dye molecules 
(Resch-Genger et al., 2008). However, practical applications of multi-photon microscopy are 
limited by the requirement of high excitation intensity because of the low absorption cross-
section of nanocrystals in NIR window. For this reason, efforts are made by scientists in this area 
to enhance the multi-photon absorption cross-section of nanomaterials with high PL quantum 
yield. Initially, the research was focused on the optical nonlinearity of monocomponent 
nanoparticles compared to the bulk materials (He et al., 2006b;  Chon et al., 2004;  He et al., 
2008b). In recent times, there have been concentrated efforts to modify the non-linear optical 
properties of these nanocrystals by adding impurities (doping). Guichan et al. have reported that 
three-photon absorption cross-section can be enhanced by doping transition metal ions such as 
Mn
2+
 ions in semiconductor quantum dots(Feng et al., 2009). More recently, new developments 
in material science have enabled the synthesis of hetero-junction nanomaterials or in other 
words, nanocrystals consisting of two or more materials(Reiss et al., 2009;  Krahne et al., 2011;  
Sitt et al., 2013). Myriad of opportunities are opened up by this advancement to design and 
engineer materials with novel electronic and optical properties by forming hetero-junction 
nanomaterials with desired shape, composition and band alignment. It is essential to obtain a 
clear delineation of the multi-photon absorption properties as well as the ultra-fast dynamical 
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properties of such materials for their effective utilization in practical applications in multi-photon 
microscopy, lasing and optical limiting. A concise review of semiconductor nanomaterials and 
hetero-junction nanomaterials as well as their ultra-fast dynamical properties is given below to 
get a clear understanding of the physical properties of these materials.  
 
1.2. Previous Research on Quantum Dots, Nanorods and Hetero-junction       
nanocomposites 
 
1.2.1.   Quantum Dots and Nanorods 
 
The optical properties of nanocrystals are determined by their electronic structure (Smith and 
Nie, 2009;  Buhro and Colvin, 2003;  Kan et al., 2003). On reducing the dimensions of the solid 
to nanometer size range, the electrons start to experience the effect of confinement due to the 
boundaries and as a result, the assumption of infinite extension of the solid in all the three 
dimensions, as in bulk, does not hold any more. In the nanometer size range, the behavior of the 
electrons is strongly sensitive to the dimensions to which it is confined. Photo-excitation of a 
bulk semiconductor at energies equal to or greater than the band gap results in the formation of 
excitons, quasi-particles consisting of an electron-hole pair bound by an electrostatic interaction 
(Smith and Nie, 2009).  
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where  e  and h  are subscripts used for the electron and hole respectively and eh e hr r r  . The 
first two terms on the right hand side correspond to the kinetic energies of electron and hole, and 





 , describes the natural length scale of hole, electron or exciton where  is 
the dielectric constant of the material, ( )e hm m is the rest mass of electron (hole), 
* *( )e hm m is the 
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effective mass of electron (hole) in the material and 
0a is the Bohr radius of Hydrogen atom.  The 
exciton Bohr radius of a semiconductor material is determined by the strength of the electron-
hole Coulomb interaction and the dielectric constant of the semiconductor. Excitons undergo 
quantum confinement in low dimensional systems such as nanomaterials, leading to remarkable 
variations in the electronic structure and optical properties. This becomes prominent when the 
characteristic size of the material becomes comparable to or smaller than the exciton Bohr radius 
(Smith and Nie, 2009). The origin of quantum confinement can be understood as follows.  
In a bulk semiconductor, the combination of molecular orbitals which are close in energy 
leads to the formation of energy bands. These energy bands can be treated as continuous since 
the difference between the energy levels are smaller than Bk T where Bk is the Boltzmann 
constant and T is the temperature. In semiconductor nanoparticles, the size induced confinement 
of excitons result in the splitting of continuous energy bands to discrete energy levels along the 
confinement direction. The extent of splitting increases with decrease in size, resulting in the 
blue shift of the absorption onset as well as the photoluminescence (PL) emission wavelength in 
nanoparticles compared to the bulk material. Figure 1.1. shows the transition of the electronic 
energy states from the continuous bands of a bulk semiconductor to discrete atomic like energy 
levels in Quantum Dots, which are semiconductor NCs confined in all the three dimensions to 
the order of nanometer.  
To describe the origin of the quantum size effect quantitatively, the particle in a sphere model 
was first proposed, with the assumption of parabolic valence band and conduction bands (Efros 
and Efros, 1982;  Ekimov and Efros, 1988). The electronic behavior in the bulk material can be 
described by the Hamiltonian  
2
2( ) ( ) ( ) ( )
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                                       (1.2) 
where ( ) ( )V r V r R  is the periodic potential well, R is the lattice vector. 
The wave function can be expressed using the Bloch equation as  
.
, ,
( ) ( )ik r
v k v k
r e u r                                                          (1.3) 
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where .ik re is the envelope function,  
, ,
( ) ( )
v k v k
u r u r R                                                           (1.4) 
is the periodical Bloch function. In the particle in a sphere model, electrons and holes are 
assumed to be non-relativistic spinless particles, behaving as free particles with their effective 
masses, in the spherical potential well of radius R such that ( ) 0V r  , if r R and ( )V r  , if 
.r R  Neglecting Coulomb interaction, the wave function can be expanded in terms of the 
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with 1,2,3....n  0,1,2....l  , l m l    . Here ( , )lmY   are the spherical harmonics, lJ are the 
Bessel functions and the wave numbers nlk are defined as the 
thn non-zero root of the function lJ , 
resulting from the continuity condition at r R . The respective energy Eigen values for 
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. This indicates that the confinement energy is inversely proportional to the square of the 
particle radius R . The effective band gap gE  increases with decrease in particle radius as a result 
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where  ,0gE is the band gap value of the bulk material. The last term is a small correction to the 









In the bulk material, R  is infinite in all the three directions which lead to small spacing of the 
values in k-space or in other words, the k-space for the bulk solid is characterized by a 
continuous distribution of states in all the spatial directions. In a quantum well, the particle size 
is reduced along one of the dimension to a few nm, restricting the motion of electron to a plane, 
with their behavior similar to two-dimensional (2D) electron gas. As a result, the wave numbers 
have a quasi-continuous distribution along the plane where the electron is free to move, whereas 
they are quantized along the confinement direction obeying the relation /k n a    where a is 
the particle size along the confined direction (Krahne et al., 2011). A number of quantum well 
systems are studied till date (Mora-Ramos et al., 2006)  (Knap et al., 2002;  Bergman et al., 
1991;  Hicks and Dresselhaus, 1993;  West and Eglash, 1985). On reducing the dimensions of 
the material along the two dimensions, to the order of a few nanometers, one can get quasi-1D 
systems or nanowires. Nanowires of different materials have been synthesized (Huang et al., 
2001;  Chan et al., 2008;  Goren-Ruck et al., 2014;  Kang and Vaddiraju, 2014;  Xu et al., 2012). 
Figure 1.1 Electronic energy states of a semiconductor in the transition from discrete 
molecules to Quantum Dots (QDs) and bulk crystals. Semiconductor QDs are 
characterized by discrete atomic like states with the effective band gap determined by 
the radius R whereas the bulk material is characterized by continuous valence and 
conduction band separated by distinct energy gap (Smith and Nie, 2009) 
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If the charge carriers are confined in all the three dimensions, the resulting low dimensional 
system is a quasi-zero dimensional (0D) system, or a quantum dot (QD). If the confinement is 
such that the radius of the quantum dot, R , is less than the Bohr radius of the electron ( )ea , hole 
( )ha  and exciton ( )exca , then the electron and hole are strongly confined in the nanocrystal. 
Hence , ,e h excR a a a is referred as the strong confinement regime. On the other hand, when R is 
larger than 
ea and ha , but smaller than exca , the condition is referred as the weak confinement  
where only the centre of mass of the motion of exciton is confined. Alternatively, the case in 
which only either hole or electron may be strongly confined and the other is not, (i.e when R is 
between ea and ha ), is referred as the intermediate confinement regime. 
One way to distinguish among the different quantized systems is to describe them in terms of 
the density of states D(E), which represents the number of electronic states in a unit interval of 
energy as shown in Figure 1.2. (Alivisatos, 1996). In a bulk material, the density of states 
follows the square root dependence on energy as for a free electron gas. In the 2D case, the 
density of states becomes a product of the step function and the initial square root function 
whereas in the 1D case (nanowire), it follows a saw-tooth function. In the 0D case, when the 
material is confined in all the three dimensions, called as “quantum dot” (QD), the quasi-
continuous distribution of states collapses into a series of discrete levels, represented by Dirac 
delta functions as shown in Figure 1.2. Such atomic-like structure in the density of states with 
size tunable absorption and emission makes QDs fascinating objects from both a fundamental 
physics point of view as well as for different technological applications ranging from thin film 
electroluminescent devices and optical amplifier media to biological fluorescent labels (Coe et 
al., 2002;  Zhao et al., 2004;  Michalet et al., 2005;  Rafailov et al., 2007;  Bimberg and Ribbat, 
2003;  Resch-Genger et al., 2008). The incorporation of luminescent semiconductor nanocrystals 
into microcavities and photonic crystals offers a promising pathway to the design of novel light 

















QDs of a variety of materials have been designed using different synthesis procedures 
(aqueous method, organometallic method, inverse micelles method etc) and by the choice of 
different capping agents which prevents agglomeration as well as oxidation (Valizadeh et al., 
2012;  Murray et al., 2001;  Penner, 2000;  Ghosh Chaudhuri and Paria, 2011) . The continuous 
progress in the development of novel and sophisticated synthesis techniques has opened the 
possibility to synthesize nanomaterials with different shapes and chemical composition (Hu et 
al., 2001;  Wang et al., 2012;  Shabaev and Efros, 2004;  Zhong et al., 2011;  Lee et al., 2012;  
Jia et al., 2014). The most studied nanocrystal systems after QDs are elongated (rod-shaped) 
nanocrystals, known as nanorods. The typical diameters of nanorods are in the range of a few nm 
whereas the length ranges from tens to some hundreds of nm. Nanorod length is typically larger 




Quasi 2 D Quasi 1D Quasi 0D
Figure 1.2.  Evolution of the “density of states” function from a bulk 
material (3D solid) to a 2D, 1D and 0D system 
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between QDs and nanowires. In these systems, the carriers are confined along the two 
dimensions whereas the delocalization of the exciton along the length of the nanorod gives rise 
to the so called 1D exciton, resulting in new properties with respect to QDs in terms of electronic 
structure, symmetry, polarization and carrier dynamics (Hu et al., 2001;  Shabaev and Efros, 
2004;  Li et al., 2001;  Kan et al., 2003). In a nanorod, the confinement energy is primarily 
determined by its dimensions along the short axis while the rod volume (i.e rod length for a 
constant cross-sectional area) determines the parameters such as absorption cross-section and 
carrier relaxation mechanisms such as Auger recombination life time (to be discussed in the next 
section). In other words, nanorods allow one to decouple the emission wavelength from the 
absorption cross-section and reduced Auger rates compared to QDs. This capability can greatly 
reduce the optical gain threshold and the threshold for amplified spontaneous emission (Htoon et 
al., 2003a;  Htoon et al., 2003b). 
In a nanorod, an electron can be assumed to be a free particle with effective mass *m confined 
by infinitely high potential barriers within a cylinder of radius / 2R D  and length L  (Krahne 
et al., 2013). The spectrum of energy levels of an exciton confined to a cylinder can be derived 
from the three-dimensional Schrodinger equation in cylindrical coordinates r , and z with the 
potential ( ) 0V r   for r R and infinite otherwise. In this case, independent solutions for the 
three coordinates can be found of the form  
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The solution of z , along the c axis of the rod, is of the form  
( ) sin( ) sin( ), 1,2,3.....zk
k
Z z k z k
L

                                        (1.12) 
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which is of the same form for the result for a particle in a box. In the radial direction, the solution 
is given by ln ln( ) ( ) ( )l lr AJ k r BY k e    with A and B numbers and lJ and lY are Bessel functions 
of the order 1 of the first and second kind. Due to the radial symmetry, this leads to ring like 
distribution of the wave functions around the z axis of the nanorod (Krahne et al., 2013). 
The electronic state structure as well as the ground state of exciton is strongly affected by the 
size and shape of the nanorods, specifically by their aspect ratio (AR) (Krahne et al., 2011). 
Besides determining the character of the emitting state (whether dark or bright), the fine structure 
also determines the polarization of emission from nanorods. For nanorods of radii > 3.1 nm, an 
inversion in the ground state has been observed which results in zero angular momentum 
projection along the major rod axis. This leads to strongly polarized emission of light, instead of 
quasi-circularly polarized emission predicted for the 1 excitons, with the degree of polarization 
increasing with increasing AR. Polarized emission up to 80 % has been observed in CdSe 
nanorods with AR>2 using polarization spectroscopic studies whereas the polarization observed 
in spherical nanocrystals are only nearly 10 % (Hu et al., 2001).  
 
1.2.2. Hetero-junction nanomaterials 
  
In the last decade, there has been a vast development in the synthesis of colloidal 
semiconductor nanocrystals with different shapes, size and composition (Huang et al., 2001) . 
Extending the range of synthesis to new chemical methods allows today the synthesis of 
nanocrystals made up of different materials referred to as hetero-junction nanostructures or 
composite nanomaterials (Zhang et al., 2010;  Reiss et al., 2009;  Ghosh Chaudhuri and Paria, 
2011). The wide range of different combinations available in the choice of components and the 
ability to control the shape and size of each component extends the library of available particles 
and simultaneously leads to the emergence of fascinating physical properties which are of 
interest from a scientific point of view as well as for technological applications. Different kinds 
of hetero-nanostructures such as core-shell nanoparticles, dot-in rod, tetrapods, octapods and 
segmented nanorods have been reported (Ghosh Chaudhuri and Paria, 2011;  Sitt et al., 2013;  
Fouad, 2006;  Deka et al., 2010;  Shieh et al., 2005). By an appropriate choice of materials and 
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particle size, the spatial distribution of the excited state wave function of electrons and holes can 
be confined to the core or shell in core-shell nanostructures. In other words, the overlap of 
electron and hole wave functions can be controlled in these hetero-nanostructures which in turn 
can determine the PL emission energy, quantum yield, life time and multi-excitonic properties 
(Reiss et al., 200    Garc a-Santamar a et al., 2011;  Htoon et al., 2010).  
Recently, CdS/CdSe hetero-nanostructures have been demonstrated to be interesting systems 
among various heterojunction nanomaterials studied so far, such as CdTe/CdS(Dai et al., 2012), 
CdSe/ZnS(Lee et al., 2013), ZnSe/CdSe(Zhong et al., 2005), CdS/ZnSe(Ivanov et al., 2007), 
CdS/CdSe core-shell nanostructures(Pal et al., 2011;  Chen et al., 2013), dot-in-rod 
nanostructures(Wen et al., 2012;  Rainò et al., 2011), tetrapods(Lutich et al., 2010), 
octapods(Scotognella et al., 2011;  Zhang et al., 2013) and dot-in-plate(Cassette et al., 2012). 
This is because  (1) they possess relatively low lattice mismatch leading to a lower defect density 
and thus high PL quantum yield up to 97 %(Chen et al., 2013); (2) longer biexciton lifetimes up 
to nanoseconds; (3) biexciton quantum yield of 40-50 % reported in CdS-CdSe core-shell 
structures(Garc a-Santamar a et al., 2011); and (4) band alignment that is tunable from type I to 
quasi-type II (more details in Chapter 5) by varying the core size, rod size, interfacial strain 
etc.(Sitt et al., 2009). With quasi-type II alignment and efficient charge transfer from CdS to 
CdSe, CdS-CdSe tetrapods and dot-in-rod structures are suggested to be suitable candidate for 
photovoltaic applications.(Borys et al., 2010;  Wu et al., 2013)  
Even though the energy landscape of CdS/CdSe favors hole localization in CdSe, the fate of 
the initially generated electron-hole pairs depends not only on the band alignment but also on 
their transport along the rod. The latter can be affected by the deep trap states in CdS region of 
the NC. Recently, Mauser et.al  reported that the Coulomb attraction of the photoexcited e-h pair  
results in coupled motion of these charge carriers in CdS-CdSe nanotetrapods (Mauser et al., 
2010). The photoexcited holes can either get transferred to the CdSe core or become trapped in 
one of the CdS arms. Combining time resolved pump-probe and photoluminescence 
experiments, they observed that if the hole get localized in the arms of the tetrapod, then the 
Coulomb potential drags the electron, initially centered in the core to the arms, where they both 
localize and recombine resulting in emission from CdS. Hence the hole dynamics determines the 
fate of electrons in these hetero-nanostructures. Very recently, Wu et.al reported that excitation 
in CdS in CdS-CdSe dot-in rod structure leads to the formation of three distinct types of excitons 
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with different dissociation rates, that are spatially localized in the CdS rod, in CdSe core and in 
the CdS shell near CdSe (potential different in all these cases), which has important implications 
for the application of 1D hetero-nanostructures as light harvesters in photovoltaic devices (Wu et 
al., 2013). The exciton dynamics and the charge transfer dynamics are still areas of ongoing 
research. An in-depth knowledge of the decay dynamics of the hot and cold electron-hole 
(exciton) states is a prerequisite for the incorporation of these hetero-nanostructures as active 
components in applications such as single-photon emitters, light emitting diodes, photovoltaic 
cells, lasers, and photon up-converters (Hendry et al., 2006). 
 
1.2.3. Carrier Dynamics in semiconductor nanocrystals (NCs) 
  
Even though semiconductor NCs offer novel optical and electronic properties, a good 
understanding on their response to optical excitation on a sub-picosecond time scale is required 
for the realization of the full potential of these systems. In a semiconductor, under equilibrium 
conditions, free electrons and holes follow Fermi-Dirac distribution whereas phonons 
characterizing lattice vibrations can be described by Bose- Einstein statistics (Othonos, 1998). In 
the absence of an external force, interchange of energy and momentum through carrier-carrier 
and carrier-phonon scattering keep the three distributions under common temperature. The 
average momentum of phonons and carriers are zero under this condition with their average 
energies corresponding to room temperature. The equilibrium is disturbed when electromagnetic 
radiation is absorbed by a semiconductor. Initially the excitation by a monochromatized and 
polarized radiation produces distribution of electrons and holes that are narrow in energy with 
specific momentum states and elevated carrier temperatures. As the system evolves towards 
equilibrium, momentum relaxation and energy relaxation happens. Momentum relaxation occurs 
within tens of femtosecond time scale through elastic and inelastic scattering (Othonos, 1998).  
Following photoexcitation, electrons will possess most of the excess kinetic energy because of 
its lower effective mass compared to holes. Hence initially electrons and holes should be 
considered as separate systems with individual thermal distributions. Within a time scale of 
hundred femtoseconds, Coulomb thermalization happens as a result of carrier-carrier scaterring 
of electrons (holes) and hence the electron and holes can then be described by Fermi-Dirac 
distribution with temperature eT ( hT ). The distribution function for electrons and holes possesses 
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different temperatures which may be slightly lower or higher than the lattice temperature. 
Further, the electron-hole scattering eventually brings the two distributions into thermal 
equilibrium. As time evolves, the hot carriers will attempt to reach thermal equilibrium with the 
lattice and relax to the band edge through different scattering mechanisms, with the most 
efficient mechanism being the interaction with phonons. The relaxation from the band edge can 
happen radiatively or non-radiatively with characteristic time constants.  
In semiconductor nanomaterials, quantum confinement leads to electronic quantization with 
the level spacing increasing with decrease in size. When the spacing between the low lying 
energy levels increases beyond typical phonon energies, the electron relaxation processes may 
get considerably modified. As the electron cascades from one level to the other, the transition 
between the energy levels requires the emission of multiple phonons simultaneously. Such a 
process is improbable and slows down the electronic relaxation leading to the phenomenon 
known as “phonon bottle neck”. The slow cooling in quantized structures at low light intensities 
was first predicted by Boudreaux, Williams, and Nozik (Boudreaux et al., 1980). Later, 
theoretical models for slowed cooling in QDs have been proposed by Bockelmann and co-
workers (Bockelmann and Bastard, 1990;  Bockelmann and Egeler, 1992) and Benisty and co-
workers (Benisty et al., 1991;  Benisty, 1995).  However, the observed electronic relaxation in 
nanoparticles is found to be on the sub-picosecond to picosecond time scale, thus indicating 
other relaxation mechanisms. Auger recombination (more details can be found in Section 6.2) is 
greatly enhanced in nanoparticles, and hence can break the phonon bottleneck. Other possible 
mechanisms can also break the phonon bottleneck which include electron-hole scattering 
(Vurgaftman and Singh, 1994), deep level trapping (Sercel, 1995) and acoustical-optical phonon 
interactions (Inoshita and Sakaki, 1992;  Inoshita and Sakaki, 1997). 
The development of strategies for reducing the rate of Auger recombination in nanocrystals is 
a long standing goal in the field of nanocrystals, particularly nanocrystal lasing. Reduced Auger 
recombination rates have been observed in hetero-nanostructures such as core-shell 
nanostructures of CdS/CdSe, CdTe/CdSe, CdZnSe/ZnSe and dot-in-rod nanostructures of 
CdS/CdSe, compared to single component NCs (Rabouw et al., 2013   Garc a-Santamar a et al., 
2011;  Osovsky et al., 2009;  Wang et al., 2009). Using CdSe core of radius 1.5 nm and the CdS 
shell thickness varying from 0 to 19 monolayers, Santamaria et al.  reported that the PL life time 
of CdS/CdSe core-shell nanostructures can be varied from 11 ns to 225 ns (Garc a-Santamar a et 
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al., 2011). In addition to this, they also observed a dramatic suppression in Auger Recombination 
in these hetero-nanostructures which cannot be accounted for by considering volume scaling 
alone. They proposed that in addition to volume, other factors such as e-h spatial separation as 
well as the smoothness of the interfacial potential can affect the Auger recombination rate in 
these hetero-nanostructures. Reduced Auger recombination rates in hetero-nanostructures make 
them interesting since they offer the pathway for practical lasing technologies using solution-
processable colloidal nanoparticles.  
Auger recombination rate varies with changes in size as well as shape. Auger recombination 
rates in CdS/CdSe core-shell and dot-in-rod structures have already been reported. However, the 
rates in other structures of the same species such as tetrapods, segmented nanorods etc are still 
unexplored. Also, at high intensities, Auger recombination can still happen, only the rates vary. 
Charge transfer results in good PL emission in these hetero-nanostructures. However, if Auger 
recombination happens before charge transfer, it can affect the luminescence efficiency of these 
hetero-nanostructures at high intensities. Nevertheless, the effect of Auger recombination on the 
charge transfer in CdS-CdSe hetero-nanostructures is another interesting question, still remaining 
unexplored, which can have technological implications. 
 
1.2.4. Multi-photon absorption and related optical nonlinearities in semiconductor NCs 
 
The nonlinear optical properties of single/multi-component semiconductor NCs is a research 
area being pursued actively in view of their application potential in optical switching for optical 
communications, optical limiting for the protection of optic sensors, multi-photon microscopy 
for imaging biological specimens etc. The recent thrust in this field is to identify and design NCs 
with large optical nonlinearities for the practical realization of the use of these NCs in various 
technological applications, especially in multi-photon microscopy. In 1931, Maria Goeppert-
Mayer first proposed the concept and the quantum mechanical formulas of two-photon 
absorption (2PA) in an atomic or a molecular system using second order perturbation theory 
(Göppert-Mayer, 1931). In this pioneering paper, the author derived an expression for the 2PA 
probability based on the concept of an intermediate state.  This probability was too small to be 
measured with any conventional (incoherent) light source at that time. Hence the first 
observation of 2PA came only with the advent of laser in 1961, when Kaiser and Garnett 
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reported the first observation of 2PA induced up-conversion fluorescence in Eu
2+
 doped CaF2 
crystal on excitation at 694.3 nm from a ruby crystal laser (Kaiser and Garrett, 1961). Since then, 
a new research area has been opened up to investigate the non-linear absorption in organic 
molecules, bulk semiconductors and metal/semiconductor nanoparticles (liu et al., 2014;  Sanusi 
et al.;  Ji et al., 2014;  Halajan et al., 2014;  Li et al., 2013;  Mamidala et al., 2010). With the 
development of intense tunable lasers, it is now possible to observe processes that involve not 
only 2PA, but also three-photon absorption (3PA), four-photon absorption (4PA) and even 
higher order multi-photon excitation (He et al., 2005;  Venkatram et al., 2007;  He et al., 2006b;  
Zheng et al., 2013;  Wang et al., 2013). Semiconductor NC‟s offer a platform for engineering the 
non-linear absorption with size and shape and for that reason the study of their multi-photon 
absorption properties is exciting and promising for various technological applications. In the 
following section, the basics of MPA and related optical nonlinearities are outlined, which lay 




(a) Two-photon absorption (2PA) and multi-photon absorption (MPA) 
 
Two-photon absorption (2PA) involves excitation of an electron from a lower lying energy 
state to a higher energy state by the simultaneous absorption of two photons of identical or 
different frequencies via an intermediate virtual state (Boyd, 2003;  Sutherland, 2003). The 
energy difference between the two energy states is equal to the sum of the energies of the two 
photons (as shown in Figure 1.3), and hence the total energy is conserved in the process. It 
differs from one-photon absorption in that the strength of absorption depends on the square of 
the light intensity. The attenuation of the incident light intensity I  is described by 
2dI I
dz
                                                               (1.13) 
 
where z is the position within the sample along the beam propagation direction and   is the 
2PA coefficient. Usually for describing the NC‟s 2PA property, 2PA cross-section 2 is used 






                                                               (1.14) 
where N is the number density of the molecules or nanoparticles (concentration) in the system 
and  is the energy of incident photons. The 2PA coefficient is related to the third order 
nonlinear susceptibility  
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When the electron undergoes a transition from the ground state to the excited state by the 
absorption of one photon, the total angular momentum gets altered by +1 or -1 since a photon 
carries one unit of angular momentum. In two-photon absorption, the electron absorbs two 
photons simultaneously and hence the selection rule for two-photon absorption is that the total 
Figure 1.3. Schematic diagram showing two-photon absorption and three-
photon absorption in a two-level system 
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angular momentum of the electron gets changed by +2, 0 or -2. Therefore, an s state electron can 
undergo transition only to either an s state or d state. 
Three-photon (or multi-photon) absorption involves a transition from the ground state to the 
excited state by simultaneous absorption of three (or multiple) photons through a number of 






                                                              (1.17) 
where n is the n -photon absorption coefficient. 
b)  Excited State Absorption 
Under high intensity of excitation, excited state absorption becomes very important, due 
to the significant population of the excited states. Here, the excited state electrons experience 
absorption and gets promote to higher excited states, before relaxing to the ground state. This 
phenomenon becomes significant if the excited state absorption is resonant with another higher-














Figure 1.4.  Schematic diagram showing excited state absorption 
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Excited state absorption can be understood by a five-level model that refers to five distinct 
electronic states, as shown in Figure 1.4. Within each electronic state, there exists a manifold of 
very dense vibrational-rotational states. After an electron is promoted from one electronic state to 
another, it generally makes a transition to one of these vibrational-rotational states. Absorption of 
an incident photon promotes an electron to the first excited singlet state (S1). From this state, 
three transitions are possible. 1) The electron can relax to the ground state by a radiative or non-
radiative transition, with rate constant kf . 2) The electron can to undergo a spin-flip transition to 
a triplet state (T1). This process is called intersystem crossing and has a rate constant kisc. 3) The 
molecule may absorb another photon, which promotes the electron to a higher-lying singlet state 
(S2), from which it then relaxes back to the first excited singlet state. For an electron in the 
lowest triplet state, there are two possible transitions. 1) It may relax to the ground state by 
another spin-flip transition, leading to phosphorescence, with rate constant kph . 2) The molecule 
absorbs another photon, promoting the electron to a higher-lying triplet state (T2), from which 
the electron then relaxes back to the lowest triplet state (T1).  
  
c) Free Carrier Absorption 
 
In semiconductors, free electrons and holes can be generated in the conduction band by one-
photon absorption or two-photon absorption. These carriers will then relax to the bottom of the 
conduction band by intraband carrier-carrier and carrier-phonon (optical and acoustical) 
scattering, and will recombine with holes in the valence band. Under high intensity of excitation, 
these excited carriers have a very high probability to absorb another photon and get excited to 
higher lying states in the conduction band (valence band) before recombination. This process is 
called as free carrier absorption (FCA) (Sutherland, 2003). The attenuation of the incident light 
intensity due to one-photon absorption induced FCA can be described by  
 0 c c
dI
I N I I
dz
                                                   (1.18) 
where c is the free-carrier absorption cross-section and  cN I is the pump intensity dependent 











c is the free carrier relaxation time.  





I N I I
dz
                                         (1.20) 
where n is the n -photon absorption coefficient and  cN I is the pump intensity dependent 












Nonlinear refraction in a material occurs due to the change in the value or spatial distribution 
of refractive index in the presence of a high external electric field. Nonlinear refraction results in 
phase distortion of the incident laser beam as opposed to nonlinear absorption which alters the 
amplitude of the incident laser beam. The refractive index of the material is now a function of 
intensity and hence can be written as  
 
0 2n n n I                                                                (1.22) 
 
where 0n  is the linear refractive index, 2n  is the nonlinear refractive index and I is the intensity 
of the light (Sutherland, 2003). The sign of 2n  will be positive for a self-focusing material and is 
negative for a self-defocusing material. Several physical mechanisms can result in the nonlinear 
refractive index, which include excited state or free-carrier generation, reorientation, optical Kerr 
effect electrostrictive, and thermal nonlinear refraction and cascaded second-order nonlinearities 




Nonlinear scattering is another major phenomenon which can cause attenuation of the 
incident laser beam(Roke and Gonella, 2012). Here, the incident laser beam is scattered into a 
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large spatial dimension by laser-induced new scattering centers or by the photoinduced refractive 
index mismatch between existing scattering centers and surroundings (eg: refractive index 
mismatch between colloidal QDs and the solvent) (Joudrier et al., 1998;  Joudrier et al., 2000).  
There are two main possibilities for the formation of new scattering centers (Tutt and Boggess, 
1993;  Francois et al., 2001). 1) The material absorbs the incident photon energy and transfers 
thermal energy to the solvents which results in the evaporation of the solvent and thereby 
formation of the bubbles. The vapor-solvent interface can effectively scatter the incident beam 
because of the refractive index discontinuity.  2) At high laser fluence, the material itself can get 
vaporized or ionized by the incident beam, leading to the formation of rapidly expanding 
microplasmas which can act as good scattering centers. Nonlinear scattering is found to be very 
useful for optical limiting application. 
  
1.2.4.4. Previous research on MPA in semiconductor NCs 
 
This section summarizes the major reports on MPA related studies in NCs till now. The first 
reported experimental work in the nonlinear optical properties of semiconductor QDs is in 5 nm 
sized CdS QDs doped in glass by Wang and Mahler (Wang and Mahler, 1987). Since then, 
several reports have appeared on the optical nonlinearity studies in other nanosystems as well 
(Wang et al., 2006;  Lad et al., 2007). In 1996, Fedorov et al., established the frequency-
degenerate 2PA theory in CdS QDs in which the analytical expressions for two-photon 
generation rate (TPGR) were derived in the effective mass approximation for the well-known 
four band model of semiconductors (Fedorov et al., 1996).  In their model, there are a doubly 
spin degenerate conduction band, a heavy-hole band, a light-hole band and a spin orbit- split 
band; and all the four bands are treated mathematically as being parabolic with constant effective 
masses. Padilha et al. further extended it to frequency non-degenerate 2PA theory in 
semiconductor QDs, taking into account the valence band mixing (Padilha et al., 2005). They 
also proved that the smaller the QD size, the smaller the 2PA cross-section even taking into 
account the volume fraction (Padilha et al., 2007;  Padilha et al., 2005). They also measured the 
2PA cross-section for CdSe and CdTe QDs with different dot sizes and size distributions and 











) (Padilha et al., 2007). The 2PA theory of QDs was further extended by Qu et al. 
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after considering the valence-conduction bands mixing based on the eight-band effective-mass 
model based on Pidgeon and Brown and was experimentally verified for CdTe QDs (Qu and Ji, 
2009). This theory serves well for strong quantum confinement QDs and narrow bandgap QDs. 
Meanwhile, other experimental results were also reported confirming that the 2PA cross-section 
increases with QD size. In 2006, Pu et al. studied the size dependence of 2PA cross-section in 
CdSe and CdTe QDs at fixed wavelength (Pu et al., 2006). They observed that the empirical 
relationship between the 2PA cross-section 2 and the QD radius R follows 2
nR  where n  is 
~ 3.5 and 5.6 for CdSe (2.1 - 4.8 nm) and CdTe (4.4 – 5.4 nm) (Pu et al., 2006). Later, He et al. 
observed a similar trend of 2PA cross-section 2  and 3PA cross-section 3 with size of the QD 
in CdSe, 4
2 R   and 
3.3
3 R  (He et al., 2007).  
The 2PA properties of the NCs depend not only on the size but also on the shape of the NCs. 
In 2009, Li and co-workers measured the TPA cross-sections of CdS nanocrystal rods and dots 
by Z-scan technique at 800 nm and found that the TPA cross-section of CdS quantum rods was 
one order of magnitude larger than CdS QDs of similar diameters (Li et al., 2009). Following 
that, Feng et al. developed an analytical theory capable of explaining the shape dependent 2PA 
in NCs (Feng and Ji, 2009). The difference in shape of the NC can cause changes in the 
electronic state structure, symmetry of wave functions, polarization and localization of the 
electronic states. In their analysis, they considered four different shapes: sphere, cube, cylinder 
and cuboid. They concluded that nanocuboids and nanocubes exhibit greater 2PA cross-sections 
than nanocylinders and nanospheres of similar sizes respectively, attributed to the decreased 
degree of symmetry which in turn results in the splitting of the degenerate energy levels. They 
also predicted that nanocuboids and nanocylinders possess larger 2PA cross-sections than 
nanocubes and nanospheres of similar lateral dimension, respectively (Feng and Ji, 2009). 
Analogous to 2PA, 3PA in semiconductor NCs is of key importance where excitation at 
longer wavelength is required, in view of the high spatial resolution and the possibility of deeper 
penetration in absorptive media (Caccia et al., 2008;  Hoover and Squier, 2013). There have been 
many reports on  3PA in semiconductor QDs. In 2004, Chon and his co-workers reported the 
first experiment of 3PA in QDs where they measured the three-photon excited band-edge and 
trap state emission of CdS QDs with ~100 fs laser pulses (Chon et al., 2004). 3PA cross-section 








, which is three to four orders 
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higher than that for common UV fluorescent dyes. Later, in 2006, He et al. observed a 3PA 








 in ZnS QDs with 120 fs laser pulses at 780 nm (He 
et al., 2006a). Later, in 2007, 3PA studies in CdSe QDs of different sizes were reported on 
excitation at 1300 nm (He et al., 2007). Afterwards 3PA cross-section for ZnSe QDs and 
ZnSe/ZnS QDs were investigated by Lad et al.  (Lad et al., 2007). In 2008, Xing et al. reported 










-doped ZnSe/ZnS QDs (Xing et al., 
2008b). Meanwhile, based on the startegy employed by Federov et al., Feng and co-workers 
developed a theoretical model for frequency degenerate 3PA (Feng et al., 2008). Subsequently 
Xing et al. observed an enhancement in 3PA cross-section on doping Mn
2+
 ions in ZnS/ZnSe 
QDs, attributed to the role of defect states in modifying the 3PA as a result of two-photon-
enhanced 3PA (Feng et al., 2009).   
As mentioned in the previous sections, hetero-junction nanostructures offer advantages such 
as high PL quantum yield, suppressed Auger recombination, significantly suppressed blinking 
and photobleaching compared to single component NCs. The 2PA cross-section as well as 3PA 
cross-section is also observed to be remarkably enhanced in core-shell NCs compared to the core 
counterparts. In 2006, Wang et al. observed a 200 % larger value of effective third-order 
susceptibility in CdSe/ZnS NCs compared to the corresponding CdSe cores (Wang et al., 2006). 
In 2007, Gan et al observed an increase in the 2PA coefficient by overcoating ZnSe:Mn cores 
with shell of ZnSe, attributed to the local field of the surrounding medium (Gan et al., 2007). 
Later Lad and his co-workers observed that there is an enhancement in the 2PA cross-section as 
well as 3PA cross-section of ZnSe/ZnS NCs compared to ZnSe NCs, and they attributed it to the 
increase in exciton oscillator strength with decrease in size of the NC (Lad et al., 2007;  Lad et 
al., 2008). In the same year, Morello et al. reported that there is an intrinsic optical non-linearity 
in core/shell CdSe/CdS NCs and they attributed it to the intrinsic piezoelectric polarization, 
which was induced by both the high piezoelectric constants and the elastic strain due to the great 
lattice mismatch between core and shell (Morello et al., 2008). In2011, Zhu et al. studied the 
effect of shell thickness on the two-photon absorption and refraction (Zhu et al., 2011). They 
observed that the 2PA cross-section and the nonlinear refraction are enhanced dramatically with 
the CdS shell thickness till 3 monolayers, but decreased with the further shell growth. They 
attributed it to the combined effects of surface states, local field, and intrinsic piezoelectric 
polarization. In 2012, CdS-CdSe dot-in-rod structures were found to be a suitable candidate for 
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low threshold lasers by two-photon absorption at 800 nm (Xing et al., 2012). Large two-photon 




 GM at 800 nm was also observed in CdS-CdSe 
hetero- nanostructures.(Xing et al., 2012;  Allione et al., 2013). Recently CdS-CdSe core-shell 
nanostructures were regarded as superior in vivo imaging agents compared to conventional QDs 
for bio-imaging in multi-photon microscopy.(Chen et al., 2013).  
 However, the spectral dependence of 2PA cross-section in NIR-I and NIR-II window remains 
unexplored. Also, the 2PA studies are limited to core-shell and dot-in rod structures of CdS-
CdSe, the multi-photon absorption properties of CdS-CdSe segmented nanorods is still unknown. 
In summary, there are still many open questions regarding the non-linear absorption properties of 
semiconductor hetero-nanostructures, and henceforth more experimental work and analysis are 
required for the exploitation of these NCs in device applications. 
 
1.2.5. Significance of NIR-I and NIR-II windows 
 
An important application of materials with high multi-photon absorption cross-section 
simultaneously with high PL quantum yield is in the area of multi-photon microscopy (Diaspro 
et al., 2006a;  Ellis-Davies, 2011). In spite of being one of the most attractive techniques which 
can provide nonionizing and noninvasive in vivo visualization, the use of optical imaging 
techniques for in vivo imaging are inhibited by the tendency of biological tissues to scatter and 
absorb photons and generate strong autofluorescence which in turn can affect signal collection 
efficiency (Helmchen and Denk, 2005). Recently, investigations show that the scattering of the 
incident photons can strongly affect the penetration depth (Helmchen and Denk, 2005). Light 




approximately, indicating that a longer wavelength is more desirable for minimizing light 
scattering in bioimaging (Caccia et al., 2008;  Hoover and Squier, 2013). Multi-photon 
microscopy make use of near-infrared (NIR) femtosecond lasers to excite the fluorophore, 
exploiting the property of multi-photon absorption induced fluorescence (Diaspro et al., 2006a). 
With excitation in NIR wavelengths, this technique is less phototoxic and can provide deeper 
penetration. Another significant advantage of this technique over the conventional laser scanning 
confocal microscopy is that the excitation in the former can be restricted to the focal plane of the 
objective, where the beam intensity is maximum, which in turn can provide the optical sectioning 
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necessary for the non-perturbative analysis of living systems (Ellis-Davies, 2011). For thin 
samples, the images made by laser scanning confocal microscopy (which uses 1PA) and multi-
photon microscopy are comparable, and sometimes confocal microscopy can even outperform 
the multi-photon microscopy. However, in deep-tissue imaging, multi-photon microscopy can 
give better quality images compared to confocal microscopy (Ellis-Davies, 2011;  Hoover and 
Squier, 2013). 
Various types of chromophores have been widely investigated as biological probes in multi-
photon microscopy, ranging from organic dyes, metal−ligand complexes, fluorescent proteins, to 
semiconductor quantum dots (QDs) (Resch-Genger et al., 2008). Among these, semiconductor 
NCs exhibit outstanding features such as a tunable excitation wavelength, narrow and symmetric 
emission, high fluorescence quantum yield, considerably large MPA cross-section and good 
photostability, making it an excellent candidate for multi-photon imaging (Pu et al., 2006;  Qi et 
al., 2011). Most of the multi-photon absorption studies were carried out with laser excitation in 
the Near-infrared window I (NIR-I: 650 to 950 nm), where the incident photons can perform 
more efficiently than the visible light, making use of the reduced scattering and absorption in 
tissues (Qi et al., 2011;  Pu et al., 2006). Recently, a new transparency window called near-
infrared window II (NIR-II) in the range from 1000 to 1350 nm has been identified for 
bioimaging applications with the aim of achieving higher penetration depth (Smith et al., 2009;  
Welsher et al., 2011). Enhanced penetration depth has been successfully demonstrated in liver 
tissues, lymph nodes, and brain cells at 1070, 1110, and 1280 nm (Hoover and Squier, 2013;  
Ritz et al., 2001;  Herz et al., 2010). MPA studies in NIR-II window in semiconductor NCs are 
interesting in this regard because of their high photostability and efficient fluorescence emission 
compared to organic dyes and fluorescent proteins (Resch-Genger et al., 2008). However, the 
use of multi-photon microscopy for practical applications is impeded by the requirement of high 
excitation intensity because of the low absorption cross-section of nanocrystals at NIR 
wavelengths.  Hence enhancing the multi-photon absorption cross-section of semiconductor NCs 
with good PL emission (predominantly on excitation in NIR-I and NIR-II wavelengths) is an 
interesting area of research, in view of their applications in multi-photon microscopy. 
One straightforward method for increasing the absorption cross-section is by increasing the 
volume of the quantum dot (QD)/nanoparticle (Feng and Ji, 2009). However, this results in 
undesirable properties such as increase in size and change in absorption as well as emission. 
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enhance the three-photon absorption in ZnS/ZnSe core-shell nanocrystals (Xing et al., 2008a;  
Feng et al., 2009). Doping introduces additional energy levels in the band gap, modifying the 
non-linear absorption of nanocrystals. ZnS is a low cytotoxic material, but with extremely low 
three-photon absorption cross-section above 900 nm. Doping of transition metal ions of Mn
2+
 is 
known to enhance the PL quantum yield of ZnS QDs to 65% with emission in the range of 585-
600 nm depending on parameters such as QD size, synthesis methods, concentrations of Mn
2+
 
ions, etc (Srivastava et al., 2010;  Begum et al., 2012). However, their effect in the non-linear 
optical properties and the aspects of underlying Physics are largely unexplored. Also, the studies 
in ZnS/ZnSe QDs are limited to NIR-I window (Feng et al., 2009). The investigation of multi-
photon absorption cross-section in Mn
2+
-doped ZnS QDs on NIR-I and NIR-II excitation is 
interesting from the point of view of understanding the optical non-linearity in low dimensional 
systems as well as its scope for bioimaging applications. 
Another method to enhance two-photon absorption over a wide range of wavelength is to 
form composites where the constituent components already possess large two-photon absorption 





 GM at 800 nm has been reported in CdS-CdSe hetero-nanostructures (Xing et 
al., 2012). The two-photon absorption cross-section in NIR-II window of these nanostructures is 
limited by the volume of CdSe, which is used in the form of a quantum dot in the reported 
hetero-nanostructures such as core-shell, dot-in-rod and tetrapods.  By replacing quantum dots by 
nanorods, we suggest that the design of segmented nanorods provides an additional means of 
control of the non-linear response in NIR-II window along with NIR-I window. Also, the charge 
transfer studies in such novel hetero-nanostructures pave way for understanding the dynamics of 







1.3. Objectives and Scope of the thesis 
The purpose of this research work is to study the non-linear optical properties of undoped and 
Mn
2+
- doped ZnS QDs and CdS-CdSe-CdS segmented nanorods on near-infrared excitation. 
More specifically, the main objectives are to explore 
 
a) the influence of defect levels and quantum confinement effects on phonon modes of ZnS 
nanoparticles. 
b) the influence of Mn doping on multi-photon absorption properties of  ZnS QDs on 
excitation in NIR-I window.  
c) the feasibility of extending  multi-photon excitation to the NIR-II window where higher 
penetration depth is predicted for biological tissues. 
d) charge transfer dynamics in CdS-CdSe-CdS segmented nanorods by femtosecond 
transient pump-probe spectroscopy, at low intensities (average number of excitons 
generated per nanorod <N> <<1).  
e) charge transfer dynamics in CdS-CdSe-CdS segmented nanorods at high intensities, in 
order to understand the effect of Auger recombination on the charge transfer from CdS to 
CdSe. 
f)  multi-photon absorption induced photoluminescence in CdS-CdSe-CdS nanorods in 
NIR-I as well as NIR-II windows and the analysis of the results using Maxwell Garnett 
theory to gain understanding on the optical nonlinearity in hetero-nanostructures. .  
 
 This study is expected to give a better understanding of the nonlinear optical properties of 
nanomaterials and to provide a platform for engineering their nonlinear absorption, thereby 






 CHAPTER 2  
EXPERIMENTAL METHODS AND TECHNIQUES 
 
Different experimental techniques have been used for the investigations presented in this thesis. 
For the structural and morphological characterization of the nanocrystals, we utilized X-ray 
diffraction (XRD) and High Resolution Transmission Electron Microscopy (HRTEM). The 
elemental analysis of NCs was done using Energy Dispersive X-ray Analysis (EDAX) and X-ray 
Photoelectron Spectroscopy (XPS).  Investigation of the linear and nonlinear optical properties of 
semiconductor QDs was done using the experiments of ultraviolet-visible-infrared absorption 
spectroscopy, photoluminescence (PL) spectroscopy, time-resolved PL spectroscopy, Z-scan 
technique, upconversion PL and time-resolved transient absorption (or pump-probe) measurements. 
Among these experimental techniques, some are standard ones. In this chapter we concentrate on the 
operational principles of the techniques designed and set up in our laboratories such as Z-scan 
technique, pump-probe technique, upconversion PL and time-resolved PL measurements. 
 
2.1. Z-scan Technique 
 
Over the years, many experimental techniques have been developed to measure the optical 
nonlinearities of materials. Degenerate four-wave mixing, nearly degenerate three-wave mixing 
and ellipse rotation are three such potentially sensitive techniques, but they necessitate the 
requirement of complex experimental apparatus (Friberg and Smith, 1987;  Adair et al., 1987;  
Owyoung, 1973). Another useful technique is beam-distortion measurements but they require 
detailed wave-propagation analysis as well as precise beam scan measurements (Williams et al., 
1984). Z-scan technique developed by Sheik-Bahae is a simple single beam experimental 
method, yet highly sensitive, which allows accurate determination of non-linear refractive index 
as well as non-linear absorption coefficient (Sheik-bahae et al., 1989). In this technique, the 
transmittance of the non-linear medium is measured in the far field as a function of the sample 
position ( )z , with and without aperture. Two types of Z-scan measurements are usually 
conducted: a) Open Aperture (OA) Z-scan technique where all the transmitted light is collected 
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in the far field (no aperture), which provides information about the non-linear absorption of the 
sample b) Closed Aperture (CA) Z-scan technique where only the light transmitted through an 
aperture placed in front of the detector (D1) is detected. Figure 2.1 and Figure 2.2 show the 
schematic diagram of OA Z-scan and CA Z-scan experimental set up. The advantage of this 
method is that it allows the determination of the magnitude and sign of the non-linear refractive 
index by taking into account the non-linear phase variation, resulting from the self-focusing or 
self-defocusing of the transmitted beam. Z-scan technique have been modified and extended over 
these years to eclipsing, top-hat beam, two-beam and time resolved Z-scan techniques (Petrov et 
al., 1994;  Yin et al., 2000;  Zhao et al., 1993;  Xia et al., 1994;  Sheik-Bahae et al., 1992;  
Oliveira and Zilio, 1994).     
 
2.1.1. Z-scan theory 
 
In a third-order nonlinear optical material, the total absorption coefficient as well as the total 
refractive index can be expressed by 
 
0 2I                                                                    (2.1) 
0 2n n n I                                                                   (2.2) 
 
where I the laser intensity of excitation within the sample, 0  is the linear absorption 





















bahae et al., 1989). Assuming a TEM00 Gaussian beam propagating in the +z direction with the 
co-ordinate origin at the beam waist, the irradiance is given by 
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where 00I  denotes the on-axis peak irradiance of the Gaussian beam at the focus,   is the beam 
waist,   is the laser wavelength, p is the pulse duration, r  is the radial coordinate, t  is the time, 
0 is the beam waist and 0z  is the diffraction length of the laser beam respectively.   
Under the thin sample approximation (the sample thickness L is smaller than the Rayleigh 
range of the laser beam 0( )L z  and the slowly varying envelope approximation, the induced 
variations in phase and intensity of the incident beam by the nonlinear medium can be written as  
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                                                          (2.8) 
 
where 'z  is the propagation depth in the sample (Sheik-bahae et al., 1989). Two kinds of Z-scan 
experiments are conducted to determine the non-linear refractive index 2n  and non-linear 
absorption coefficient 2 . 
 
a) Open Aperture (OA) Z-scan technique 
To determine the value of two photon absorption coefficient 2  from the z-scan trace, consider 
the nonlinear absorption coefficient of the form 
  
                                                 2I I                                                                    (2.9) 
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Substituting this expression in Eq. (2.8) give the irradiance distribution at the exit surface of the 
sample as (Hermann, 1984) 
 
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where        2, , 1 , , effq z r t R I z r t L                                          (2.9) 
 
Here  1 LeffL e    , where L  is the sample length, and   is the linear absorption 
coefficient. The reflection on the front surface of the sample has also been considered in Eq 
(2.8). The normalized energy transmittance can be obtained by integrating Eq. (2.8) taking into 



























                                              (2.10) 
 
Where    
0
, 2 , ,e eP z t I z r t rdr

                                          (2.11)  









iR I z r t e
rdr





















2 00 2 2
0
2
1 exp exp 1
2
2





















     
                  
     
                  






















( , ) 2 ( , , )i iP z t I z r t rdr

                                                   (2.15) 
2
20



























                                              (2.17) 
 








q z t dt
T z R e










                                     (2.18) 


















    
  
                              (2.19) 
For ( ,0,0 1q z  , this transmittance can be expressed in a summation form in terms of the peak 
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Ignoring the higher order terms, 
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Eq. (2.22) defines the normalized energy transmittance as a function of the sample position, z . 
Using this expression 2 can be determined by fitting it with the experimental results (Sheik-







b) Closed aperture Z-scan 
 
In this technique, an aperture is inserted prior to the detector D1 in Figure 2.1 and the 
transmittance is measured as a function of sample position z . Considering cubic nonlinearity and 
neglecting nonlinear absorption, Eqns. (2.7) and (2.8) can be solved to obtain the phase variation. 
Adopting slowly varying envelope approximation (SVEA), the phase shift at the exit surface of 
the sample can be given as  




, , , exp
( )
r





     
 
                                        (2.23) 
Figure 2.1. Schematic diagram showing the experimental setup for OA Z-scan technique 
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where the on-axis phase shift at the focus is given as 
                                                0 efft k n t L                                                           (2.25) 





















The electric field at the exit surface of the sample contains the nonlinear phase distortion 
 
                                         , ,2, , , , i z r tLeE r z t E z r t e e
                                         (2.26) 
 
Figure 2.2. Schematic diagram showing the experimental setup for CA Z-scan technique 
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The electric field at the far-field can be described using Gaussian decomposition method (Wearie 
et al., 1974) 
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The resultant electric field at the aperture can be derived as: 
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Here d is the propagation distance in free space from the sample to the aperture plane and 
 1g d R z  . Spatially integrating   ,aE r t  up to aperture radius gives the transmitted power 
through the aperture, 





T aP t c n E r t rdr                                               (2.34) 
where   is the permittivity of vacuum and n  is the linear refractive index. 
The normalized z-scan transmittance can be calculated as  
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Here the instantaneous input power (within the sample) 
                                                  2 2iP t I t                                                         (2.36) 
and the aperture linear transmittance, 
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with a  denoting the beam radius at the aperture in the linear regime. 
 
Under the approximation of small refractive and absorption changes, the normalized energy 
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where 0x z z , S is the linear transmittance of the aperture and a is the beam waist at the 
aperture position (Sheik-bahae et al., 1989). With 2 determined from OA Z-scan experiments, the 
value of 2n  can be obtained by fitting the CA Z-scan experimental data with Eq. (2.38).  
 
Instead of using equation (2.38), a faster and easier determination of 2n  can be obtained usually by 
dividing the closed aperture Z-scan data with the open-aperture one obtained under the same pump 
intensity. This ratio data closely represents the pure nonlinear refraction curve. For a third-order 
nonlinear material, it can also be derived from Eq. (2.38) that the Z  separation between the peak and 
valley  p vZ   is nearly constant and is related to the diffraction length 0z as 
 
01.71p vZ z                                                        (2.39) 
Also, from Eq. (2.38), the difference in transmittance between the peak and valley p vT   in the z-
scan trace can be obtained  (Sheik-bahae et al., 1989)as 
 
                                 
0.25
0.406 1p vT S      for                                       (2.40) 
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with   
                                                2 00 effkn I L                                                              (2.25) 
The third-order nonlinear optical properties were characterized with femtosecond open-aperture 
Z-scan measurements. Laser pulses of 150 fs duration, with tunable wavelength (300−1600 nm, 
150 fs, 1 kHz) were produced by a mode-locked Ti:sapphire laser seeded Ti:sapphire 
regenerative amplifier (COHERENT, Vitesse) pumped OPA (TOPAS). After a spatial filter, the 
spatial profiles of the pulses were of near Gaussian distribution. The pulses were also divided 
into two parts, one part used as the reference, and the other part was focused onto a 1-mm-thick 
quartz cuvette that contained the sample solution with a focus lens (f = 10 cm) in the Z-scans. 
The beam radius was measured to be 30±2 μm. The incident and transmitted laser pulses were 
measured simultaneously with two energy detectors (Laser Probe RKP 465). In an open-aperture 
(OA) configuration, the total transmitted pulse energy was measured in the far-field as a function 
of the sample position. 
  
2.2. Transient pump-probe spectroscopy 
 
In order to investigate the carrier dynamics in nanostructures, we employed the transient pump-
probe spectroscopic technique using a home-built-set up. Figure 2.3 shows a typical schematic 
setup for pump-probe spectroscopic technique, in which the laser pulse train is split by a beam 
splitter into a stronger pump train and a weaker probe train. The intense femtosecond laser pump 
pulse excites the charge carriers into a non-equilibrium state (Hase et al., 2003;  Prasankumar et 
al., 2009). The carrier dynamics is then measured by monitoring the pump-induced changes in 
the transmission of the probe pulses as a function of time delay between the pump and probe. 
The optical path length of the probe train is usually controlled by a computer-controlled delay 







                                                             (2.41) 
where PT is the transmission of the probe in the presence of the pump pulse and 0T is the 
transmission of the probe in the absence of the pump pulse, which will be the linear transmission 
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of the sample at the probe wavelength. An alternate and equivalent method is to send the pump 
train into the delay stage and thereby controlling the optical path length of the pump relative to 
the probe, which is employed in our case. The delay stage length as well as the number of passes 
of the laser pulse through the delay stage determines the maximum longest achievable time 
delay. 
 The pump induced transmission change of the probe pulse is usually quite small and hence can 
be easily swamped by different parameters such as instability in the laser output, vibrations, 
temperature variations in the room etc. With an aim to recover the signal from these noises, lock-
in amplifier technique is employed in our experiments. A chopper is used to periodically 
modulate the pump pulse and hence will be reflected in the pump-induced variations of the probe 
train which will be of the same frequency. The lock-in amplifier is referenced to this modulation 
frequency and hence the signal can be recovered from noises. The resulting signal of the pump-
probe technique is proportional to the sum of the hole and electron distributions at the probe 
photon energy in contrast with the ultrafast time resolved PL technique where the signal is 
proportional to the product of the hole and electron distributions. Hence pump-probe technique 
allows one to separately monitor the hole and electron dynamics in semiconductor nanosystems. 
The polarization of the pump beam was set perpendicular to the probe beam in our experiments 
to avoid the interference effects with the pump peam. The intensity of the probe beam was 
controlled by a quarter wave plate and a polarizer whereas the intensity of the pump beam was 
controlled by neutral density filters. The straight forward technique is to split the output from the 
OPA coupled to mode-locked oscillator (~ 100 fs, 1 kHz) into pump and probe pulses with a 
pump to probe ratio 10:1. In order to completely understand the dynamics, non-degenerate 
pump-probe experiments were also conducted. The OPA produces signal tunable from 320 nm to 
1500 nm. The 800 nm beam pumping the OPA as well as the visible output of OPA can be 












2.3. Multi-photon absorption induced PL technique 
 
Multi-photon absorption studies in highly fluorescing materials are interesting in view of their 
applications in multi-photon microscopy, up-conversion lasing etc. The multi-photon absorption 
cross-section of fluorescing materials can be determined by comparing with a standard PL 
phosphor, if the PL quantum yield is known. The technique is very sensitive and hence can be 
measured in dilute solutions (usually ≤ 10-4 M). A schematic experimental technique is shown in 
Figure 2.4. The sample was optically excited using laser pulses with tunable wavelength 
(300−1600 nm, 150 fs, 1 kHz) produced by a mode-locked Ti:sapphire laser seeded Ti:sapphire 
regenerative amplifier (COHERENT, Vitesse) pumped OPA (TOPAS). The incident laser pulses 
(860−1300 nm, 150 fs, 1 kHz) were focused by a 10-cm focal length lens onto a 1-cm-thick 
quartz cell containing QD solution. The laser beam was focused into the QD/nanorod solution by 
Figure 2.3. Schematic diagram showing the experimental setup for  
transient pump-probe spectroscopy 
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means of a lens of focal length 10 cm, and the beam spot size at the focal plane was 26−28 μm. 
The multiphoton-excited PL signal was collected in the perpendicular direction of the incident 
light using a collection system of two 10 cm focal length lenses and then coupled into a 
spectrometer (Avaspec-2048-SPU, Resolution 0.5 nm). As a calibration, a standard sample, 
Rhodamine 6G, which shows quadratic dependence to excitation fluence at 800-1000 nm, was 




















Multi-photon excited PL due to two-photon and three-photon absorption can be quantitatively 
described as follows (Xu and Webb, 1996;  Xing et al., 2008): 
 
2
2 2 2 rf ds dz I                                                              (2.42) 
3
3 3 3 rf ds dz I                                                               (2.43) 
 
Figure 2.4. Schematic diagram showing the experimental setup for 




2  and 3  is the two-photon and three-photon excited PL quantum yield,   is the 
fluorescence collection efficiency of the experimental set-up, 2  and 3  are the two-photon 
absorption cross-section and three-photon absorption cross-section respectively,  is the sample 
concentration, .ds dz  is the small volume of the focused laser beam considered, and rI  is the 
nearly-constant laser intensity at this small volume. By assuming Gaussian functions for 
temporal and spatial profiles of input laser pulses, the total-collected PL signal (
2F  and 3F  ) can 
be found out by integrating 2f  and 3f  over the entire laser focused volume and time: 
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2 2
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where  is the half width of the Gaussian laser pulse, 00I is the peak intensity on the beam 
propagation axis, 0 is the beam waist and 0z  
is the diffraction length. The multi-photon excited 
PL quantum yield is close to one-photon excited PL quantum yield for QDs or molecules at room 
temperature. By comparing with standard phosphors such as Rhodamine 6G, multi-photon 

















DEFECT INDUCED PHOTOLUMINESCENCE AND CONFINED 
PHONON MODES IN ZnS NANOPARTICLES 
 
Wurtzite ZnS nanoparticles are synthesized by a low temperature method using ethylene 
glycol. Photoluminescence studies reveal a new red emission along with strong UV and blue 
emission known to occur from nanocrystalline ZnS. The red emission observed in these QDs lies 
in NIR-I window and is interesting for applications such as multi-photon microscopy since the 
emission as well as excitation lies in NIR wavelength range where the scattering and absorption 
of photons in biological tissues is observed to be minimum. An energy level diagram including 
oxygen trap levels and interstitial sulphur ions is proposed to explain the origin of the observed 
emission peaks. Micro-Raman spectroscopic studies indicate that the optic modes get softened 
whereas the second order longitudinal acoustic (LA) phonon mode get hardened in the 
nanocrystals. The analysis is done by taking into account the effect of the small particle size of 




ZnS is an important wide band gap semiconductor which continues to gain attention in recent 
years in view of its application potential in opto-electronic devices such as light emitting diodes, 
flat panel displays, nonlinear optical devices, sensors, lasers and photocatalysis (Ye et al., 2004;  
Wang et al., 2002;  Fang et al., 2007). Study of nanocrystalline ZnS is important since the 
properties like optical absorption and luminescence can be altered by controlling the size of the 
material. Introduction of dopants can lead to the creation of defect levels in the band gap which 
may modify the nature of luminescence in these materials (Peng et al., 2005b;  Yang et al., 
2001). Doped ZnS quantum dots as well as the core-shell-shell nanoparticles such as 
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CdTe/CdS/ZnS, due to their fluorescence property, are reported to be useful for imaging cancer 
cells (Koyakutty et al., 2009;  Jianniao et al., 2010). Functionalised ZnS nanoparticles such as L-
cystine-capped ZnS have been demonstrated to be good candidates for biological applications 
such as detection of nucleic acids (Li et al., 2004). They are also found to be useful for the 
detection of heavy metal ions of Cu
2+
 ions (Koneswaran and Narayanaswamy, 2009). 
Composites of ZnS quantum dots are also found to be good candidates for the detection of 
thermal neutrons (Wang et al., 2010). 
ZnS has two different phases, the hexagonal wurtzite phase and the cubic sphalerite phase. 
The phase transition from the latter phase to the former happens at a temperature of 1020
0
C in 
bulk (Cuizhuo et al., 2008). However, the transition occurs at a relatively lower temperature in 
nanocrystals due to the high surface energy. For example, the transition is reported to be at 
400
0
C for 3 nm particles (Qadri et al., 1999).   ZnS nanoparticles of hexagonal phase have been 
synthesized at a temperature of 150
0
C using polyols (Zhao et al., 2004). This method is adapted 
in this work for the synthesis of hexagonal phase of ZnS nanoparticles. Luminescence studies in 
undoped and doped ZnS nanocrystals have been reported by many groups (Unni et al., 2009;  Hu 
and Zhang, 2006). The emission due to interstitial sulphur ions and sulphur vacancies are 
reported to be in the blue region (Unni et al., 2009;  Goswami and Sen, 2007). Zinc vacancies as 
well as Zinc interstitials in ZnS contribute to emission around 490 nm and 375 nm respectively 
(Song et al., 2010). Here we report on the observation of red emission in ZnS nanocrystals. Due 
to the high surface to volume ratio, the surface reactivity is high in nanoparticles compared to the 
bulk. This leads to a high probability for the occurrence of processes such as adsorption, 
sublimation, and chemical reaction on the surfaces of the nanoparticles which can modify the 
properties of the material. The red emission is explained by considering the possibility of 
substitution of sulphur ions by oxygen ions.  
 
3.2. Materials and Methods  
 
We used a modified form of the low temperature chemical method using ethylene glycol for 
the synthesis of ZnS nanocrystals (Zhao et al., 2004).  Zinc Acetate (15 mM, 100 mL) in 
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ethylene glycol was heated to 100 
0
C. Thiourea (15 mM, 100 mL) in ethylene glycol is added to 
this solution under vigorous stirring. The mixture is kept at 150 
0
C. After ten minutes, it turns 
milky white which indicates the formation of ZnS. The solution is maintained at the same 
temperature for two hours. It is then cooled to room temperature and centrifuged. The precipitate 
is washed thoroughly with acetone followed by ethanol. It is later dried at 100 
0
C for 6 hours. 
 
3.3 Results and Discussion 
 
3.3.1 Optical Absorption Studies  
 
The confinement effect on the optical absorption spectrum of the nanoparticles is studied 
using JASCO V-570 spectrophotometer. The optical absorption spectrum acquired from the 
powder samples (Figure 3.1) shows an excitonic absorption around 295 nm which corresponds to 
an effective band gap of 4.21 eV.  The optical cut-off wavelength shows a blue shift of around 
0.41 eV which confirms the formation of nanoparticles. Using the value of effective band gap, 
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and em  and hm  are the effective masses of electron and hole respectively (with values 0.34 m0 
and 0.5 m0 for ZnS) (Unni et al., 2009;  Brus, 1986). The contribution from the Coulomb term is 
negligible for materials with high dielectric constant like ZnS. Substituting ,0gE = 3.8 eV and gE





3.3.2 Structural Analysis and Morphological Studies 
 
The crystal structure of the samples is analysed using X-Ray Powder Diffraction (X‟Pert 
PRO, diffractometer) with Cu- Kα line ( λ = 0.1542 nm) as the source and the results are shown 
in Figure 3.2. The  peaks  observed at  2θ values 27.860, 28.570, 30.520, 40.10, 48.20, 52.00, 55.90, 
56.36
0
  are indexed respectively to the (101), (004), (102), (104), (110), (106), (114) planes of 
the wurtzite ZnS crystal with lattice parameters a = 3.822 A
0
, c = 12.52 A
0
 and space group 
P63mc as given by the standard data file JCPDS file number 89-7334. The peaks are broader than 
the corresponding peaks of the crystalline material, indicating the presence of particles in the 














Size distribution of the nanoparticles also could contribute to the broadening. The morphology of 
the samples is studied using HRTEM (JEOL JEM 3010).  The dark field image shows 
nanoparticles whose size ranges between 3-12 nm (Figure 3.3.). This is in agreement with the 
size of the nanoparticles estimated from the optical absorption spectrum. High resolution TEM 
images of the sample in which the lattice fringes are visible are shown in Figure 3.4. 
 
3.3.3. Photoluminescence Studies 
 
Photoluminescence studies are done, by dispersing the sample in ethanol, to probe the defect 
levels.  It is observed that the emission bands are asymmetric, with a long tail towards the longer 
wavelength side (Figure 3.5(a)). The strong UV emission centered on 350 nm is known to 
originate from exciton recombination (Do et al., 2010). The long tail in the Figure 3.5(a) arises 
due to the presence of several additional weak emission bands in the UV and the blue regions. In 





addition to the reported emission bands, a broad emission in the red region is observed in these 
samples (Figure 3.5(b)). The observed weak emission is significant since the wavelength lies in 
NIR-I window where the photons suffer less scattering in biological tissues. Thus, by enhancing 
the quantum yield, the emission as well as excitation in these less cytotoxic QDs can be shifted 
to NIR wavelengths under multi-photon absorption. The origin of emission bands is explained on 
the basis of transitions among defect-related levels.   
There is no report in literature on emission in the red region of the spectrum from undoped 
ZnS nanocrystals. However, red emission is reported on composite systems in which the 
emission is known to be due to transitions of the component other than ZnS. For example, the 
red emission observed in ZnS: PS (porous silicon) nanocomposite is known to originate from 
porous silicon rather than ZnS (Wang et al., 2007). Red emission from thin films of ZnS 
nanoparticles embedded in silica (SiO2) matrix is reported, though this emission is not observed 
in the absence of SiO2 matrix (Zhu et al., 2002). This emission was explained on the basis of 
formation of ZnS (O2
-
) in the surface layers of the nanoparticles adjacent to the SiO2 matrix. 
Such a mechanism is not possible in our system as there is no possibility of formation of any 
such complex at any stage of the synthesis adopted in the present work. Thus the red emission 
(Figure 3.5(b)) observed in the present case appears to be originating from some transitions 
involving defect levels in the system due to unintentional impurities.  
 
3.3.4. Elemental Analysis using EDAX and X-Ray Photo electron Spectroscopy (XPS) 
 
The composition of the samples is analysed, with an energy dispersive x-ray spectrometer 
(EDAX) attached to FESEM and X-Ray photoelectron Spectroscopy (ESCAprobe TPD), to 
check the presence of any unintentional impurities. The EDAX spectrum (Figure 3.6) indicates 
the presence of oxygen in the samples along with Zinc and Sulphur.  The XPS analysis shows 





























Figure 3.3. TEM image, showing nanoparticles in the size range of 3 – 12 nm 









Figure 3.5. Photoluminescence spectra of ZnS nanoparticles synthesized at 150 
0
C a) 
emission in the UV and blue region b) emission in the red region. 
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The binding energy values of 1044.1 eV and 1021.1 eV are attributed to 2p3/2 and 2p1/2 levels 
of Zn respectively (Yao et al., 2007). The spin-orbit doublets, as shown in Figure 3.7(a), have a 
separation of 23 eV which is in good agreement with the literature (Nanda and Sarma, 2001). 
The 2p3/2 peak of sulphur is observed around 162.6 nm which can be deconvoluted into two 
Gaussian distributions (Figure 3.7(b)). This suggests that the nanoparticles contain 
predominantly two different sulphur species with slightly different binding energy.  The major 
component of this peak, centred around 162.4 eV, matches well with the binding energy of 
sulphur ions in ZnS nanoparticles (Salavati-Niasari et al., 2009). The other species, with a 
slightly higher binding energy of 163.5 eV, may include interstitial sulphur ions or sulphur ions 
in the proximity of oxygen ions that are in a different chemical environment. Figure 3.7(c) shows 
the oxygen 1s peak and its deconvoluted components. The high binding energy component 
peaking around 533.4 eV, whose intensity is less, is attributed to physically or chemically 
adsorbed oxygen species. The low binding energy (530.07 eV) component having the least 
intensity matches with the binding energy of oxygen ions in the wurtzite structure of ZnO (Huihu 
et al., 2008). The most intense, medium binding energy component observed around 531.8 nm is 
attributed to the oxygen ions in the proximity of zinc ions attached to sulphur ions. Since the 
chemical environment of oxygen ions in this case is different from that of the oxygen ions in 
ZnO wurtzite structure, the binding energy is slightly higher.  Thus it appears that oxygen has 
replaced sulphur at a few random locations in the ZnS lattice. 
 
3.3.5. Proposed Mechanism for the observed emission bands 
 
The chemical route for the oxidation reaction of ZnS to ZnO can be represented as ZnS + 3/2 
O2   ZnO + SO2.  Oxidation of ZnS to ZnO while annealing at high temperatures such as 550 
0
C and 600 
0
C is already reported by many groups (Peng et al., 2005a;  Gao et al., 2004). Since 
the temperature during synthesis and air drying in the present case is low, this conversion may 
have happened only at a very low percentage so that the presence of ZnO could not be detected 
in XRD and optical absorption. However, these oxygen ions can form trap levels in the band gap, 












Figure 3.6. EDAX pattern, showing the presence of oxygen in the 
sample along with zinc and sulphur 
Figure 3.7. XPS spectrum of the sample synthesized at 150 
0
C 









Figure 3.7. XPS spectrum of the sample synthesized at 150 
0
C (b) Sulphur 2p3/2 peak and its 

















All the emission bands observed in the present samples can be explained on the basis of the 
energy level diagram shown in figure 3.8, an adaptation of the one reported by Goswami and Sen 
(Goswami and Sen, 2007). The analysis is done considering the presence of defect levels due to 
oxygen ions and interstitial sulphur ions in the system. The transition from oxygen trap levels to 
valence band in ZnS is reported to be in the UV region around 381 nm whereas the transition 
from the conduction band to the defect levels of interstitial sulphur ions is reported in the blue 
region around 440 nm (Goswami and Sen, 2007;  Do et al., 2010;  Sohn et al., 1992).  This 
explains the long tail in the emission spectrum (Figure 3.5(a)). The interstitial sulphur states 
marked as IS in the figure can act as deep acceptor levels. The broad red emission can be 
explained on the basis of transitions between the trap levels of oxygen ions and interstitial 
sulphur ions. Oxygen traps may be formed during the synthesis itself or during annealing. To 
check whether the formation has happened during synthesis, the samples were prepared at a 
slightly higher temperature of 170 
0
















Figure 3.8. Energy level diagram explaining the observed emission 
bands. VB – valence band, CB – conduction band, N-R – non- radiative 
transitions, OT – oxygen trap levels, IS – interstitial sulphur states 
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the observed emission bands. The red shift in the excitonic emission may be due to increase in 
the size of the particles. This was later confirmed through optical absorption spectroscopy which 
shows an excitonic absorption near 325 nm (Figure 3.9). It was also observed that the PL spectra 
of these samples show an enhanced emission in the blue region near  410 nm in comparison with 
the spectra of the sample synthesized at 150 
0
C (Figure 3.10).  This energy corresponds to the 
























































Photoluminescence spectra are recorded for samples annealed at different temperatures in 
order to study the influence of defects produced due to annealing.  The samples annealed at 100 
0
C and 200 
0
C do not show much change in their optical properties. The samples are also 
annealed at a temperature of 400 
0
C and the XRD pattern does not show much change due to 
annealing. In particular, there is no feature corresponding to the presence of ZnO. The absorption 
spectrum also does not show much change. The emission from the oxygen trap levels to the 
valence band appears to be the dominating feature in the PL spectrum in the case of samples 
annealed at 400 
0
C (Figure 3.11). 
Figure 3.10. Comparison of photoluminescence spectra of ZnS nanocrystal 
samples synthesized at 170 
0
C (top panel) and at 150 
0






The red emission is further red shifted to near IR region (Figure 3.12). Suppression of the 
excitonic emission indicates an overlap of the oxygen trap levels with excitonic levels. Since the 
UV spectrum and the XRD pattern do not show much change, it appears that the energy levels 
are not shifted.  Thus the red shift in the red emission to near IR region can only be explained 
considering the broadening of oxygen trap levels due to increased oxidation. So, the origin of the 
red emission is most likely to be due to transitions from the oxygen trap levels to the levels 
corresponding to interstitial sulphur in the lattice. Similar transition has recently been reported in 
the case of ZnS calcined ZnO systems (Khomchenko et al., 2010).  
 
 


















Figure 3.11.  Photoluminescence in the samples synthesized at 170 
0
C a) 
before annealing b) after annealing at 400 
0






3.3.6. Raman Spectroscopic Studies 
 
The phonon modes in ZnS nanocrystals are investigated with micro Raman spectroscopy 
(LABRAMAN-HR) using He-Ne laser operating at 632 nm (15 mW) as the source in the back- 
scattering geometry. Figure 3.13 shows the Raman spectrum, where the wave numbers of the 
identified phonon modes are indicated. Wurtzite ZnS unit cell belongs to the C6v point group 
symmetry with four atoms in a unit cell. A1 and E1 modes are both Raman and IR active. E2 
modes are Raman active and IR inactive. B1 modes are silent modes (Brafman and Mitra, 1968).  
 
Figure 3.12. Shift in the PL emission band in the samples synthesized at 170
 0
C. 
a) before annealing b) after annealing at 400 
0
C for 30 minutes 





































A1(LO) = E1(LO) 351 (Brafman and Mitra, 1968) 
 353 (Cheng et al., 2009) 
345 
A1(TO) 273 (Brafman and Mitra, 1968) 
 275 (Cheng et al., 2009) 
264 
E1(TO) 273(Brafman and Mitra, 1968) 
279 (Cheng et al., 2009) 
273 
E2  286 (Brafman and Mitra, 1968)  
285 (Cheng et al., 2009) 
285 
2LA 219 (experimental) (Cheng et al., 2009) 




Table 3.1. Comparison of the identified phonon modes in ZnS 
nanoparticles with the reported values in bulk ZnS 






All the Raman active modes are identified in these nanocrystals and compared with the modes 
of the bulk (Table 3.1). The optical phonon mode  A1 (LO) = E1 (LO) is reported to have the 
highest intensity in ZnS wurtzite structure. The relative intensity of this peak is a measure of the 
concentration of defects in the system.  The intensity of the LO phonon mode is found to be 
comparable with that of the other optical modes in the present case. This is expected in view of 
the presence of defects in the system, as was inferred from luminescence studies.  The LO 
phonon mode shows a red shift of 7 cm
-1
 compared to the bulk value. Red shift of the LO phonon 
mode is known to occur in nanocrystalline systems due to spatial confinement as well as tensile 
stress due to the presence of defects (Tanaka et al., 1993;  Nandakumar et al., 2001). Since PL 
studies indicate the presence of defects in the form of oxygen trap ions and interstitial sulphur 
ions, the red shift observed here could be a combined effect of confinement as well as strain due 
to defects in the lattice.  
Brafman and Mitra have reported that the modes A1 (TO) and E1 (TO) occur at the same wave 
number 273 cm
-1 
(Brafman and Mitra, 1968). However, Cheng et al. have calculated theoretically 
and later confirmed through experimental results that these modes can have different values 
(Cheng et al., 2009). The peak observed at 264 cm
-1
 in the present work is attributed to A1 (TO) 
and the weak peak at 273 cm
-1
 is attributed to E1 (TO) mode. The E2 mode is observed near 285 
cm
-1
. The composite peak near 163 cm
-1
 can be due to the overlap of peaks at 158 cm
-1
 and 177 
cm
-1
, attributed to two-phonon processes (Brafman and Mitra, 1968). The peak observed near 
231 cm
-1
 is attributed to the second order acoustic phonon mode (Brafman and Mitra, 1968).  
Cheng et al. have studied theoretically the second order phonon modes in wurtzite ZnS (bulk) 
using phonon density of states (PDOS) and estimated the second order LA phonon mode to be at 
224 cm
-1 
(Cheng et al., 2009). They also observed it experimentally at 219 cm
-1
.  The acoustic 
phonon mode observed in the present work is at 234 cm
-1
, with a blue shift of about 10 cm
-1
 from 
the theoretical value for the bulk material. 
Size-induced optical mode softening (red shift) and acoustical mode hardening (blue shift) 
effects are known to occur in several semiconductor nanostructures such as CdS, InP, CeO2, and 
ZnO. The observed shifts are explained on the basis of the bond-order-length-strength (BOLS) 
correlation mechanism (Sun et al., 2005). Wesselinowa and Apostolov have explained it 
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considering the fact that for nanoparticles, the electron- phonon interaction is different from the 
bulk due to the reduced symmetry, different surface strains as well as the different number of 
nearest neighbours (Wesselinowa and Apostolov, 2010a;  Wesselinowa and Apostolov, 2010b). 
The occurrence of a red shift of optical modes along with a blue shift of acoustic modes is 
observed for the first time in ZnS nanoparticles in the present work. Here the observed shift is a 





Wurtzite ZnS nanoparticles are synthesized successfully by chemical method and 
characterized using UV-Visible spectroscopy, X-Ray Diffraction and High Resolution TEM. 
EDAX and XPS studies show the presence of oxygen in these samples in the form of O
2-
 ions. 
Photoluminescence studies revealed a new emission in the red region of the electromagnetic 
spectrum, which is attributed to the transition between the oxygen trap levels and defect levels 
due to interstitial sulphur ions. Acoustic mode hardening and optic mode softening is observed 
simultaneously in the Raman spectrum of these samples. The shifts observed are explained on 
the basis of the combined effect of quantum confinement and the presence of defects in the 
lattice. The present results highlight the scope for monitoring the spectral range emission from 
ZnS nanoparticles by doping with appropriate dopants, which may eventually lead to the 
possibility of obtaining white light emission. Since the nanoparticles synthesized in this method 
have little overlap between the emission spectrum and the absorption spectrum, they can act as 
good candidates for efficient luminescent solar concentrators thereby increasing the efficiency of 
solar cells.  
Besides, our studies suggest that oxygen doping can lead to red emission, which lies in the 
NIR-I window. This adds the possibility of shifting the excitation and emission in the NIR 
window under multi-photon absorption, making it suitable for bio-imaging applications. 
Enhancing the quantum yield in this system is found to be difficult with the adopted synthesis 
procedure. With an aim to enhance the multi-photon absorption cross-section by adding defect 
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levels in ZnS QDs and simultaneously possess high PL quantum yield, we shift our attention to 
Mn
2+-
doped ZnS QDs where we have better control over the dopant concentration and at the 























MULTI-PHOTON ABSORPTION INDUCED PHOTOLUMINESCENCE 
IN Mn
2+
 - DOPED ZnS QUANTUM DOTS 
 
            In this chapter, we investigate the effect of doping Mn
2+
 ions on the multi-photon 
action cross-section of ZnS QDs on excitation with NIR-I and NIR-II photons. It has been 
observed that in the NIR-I window, the three-photon action cross-section of the doped QDs get 
greatly enhanced compared to the theoretical prediction in certain wavelengths, attributed to 
two-photon enhanced three-photon absorption. The enhancement in 3PA cross-section observed 
in ZnS QDs on doping Mn
2+
 ions gave an insight to design and optimize the three-photon 
absorption properties of ZnS QDs by controlling the defect levels in the system by adjusting the 
concentration of Mn
2+
 ions, which can be of relevance for its applications in multi-photon 
microscopy. We also extended our studies in Mn
2+
 -doped ZnS QDs to near-infrared window II 
(NIR-II: 1000 to 1350 nm). Multi-photon-absorption-induced PL measurements indicate that the 
mechanism responsible for photoluminescence in Mn
2+
-doped ZnS QDs get switched to two-
photon absorption when the excitation wavelength was increased to 1060 nm. We observed that 
these biocompatible QDs exhibit two-photon action cross-section of 265 GM at 1180 nm, the 
highest value reported to date among conventional fluorescent probes on excitation in NIR-II. 
With the excitation in NIR-II window and the unique combination of photo-physical properties 
such as greater two-photon action cross-section, longer PL lifetime and larger anti-Stokes shift 
(450 nm or more), Mn
2+











Enhancing the multi-photon absorption of fluorophores on excitation using near-infrared 
photons has attracted the attention of scientific community in view of its interest in applications 
of multi-photon microscopy (Ellis-Davies, 2011;  Diaspro et al., 2006). The optical imaging 
technique of multi-photon microscopy stands out as a better method than other one-photon 
imaging techniques, as it provides high spatial resolution and permits in vivo deep tissue 
imaging. In the biological tissues, the different cell organelles and molecules possess different 
refractive index, which in turn leads to a high probability of scattering of incident photons 
(Helmchen and Denk, 2005). The wavelengths in the near-infrared (NIR) region are proposed to 
be suitable for achieving high penetration depth in bioimaging applications, considering the 
scattering and absorption of incident photons by biological tissues (Smith et al., 2009).  Different 
fluorophores have been investigated as biological probes in multi-photon microscopy such as 
metal-ligand complexes, semiconductor QDs, organic dyes and fluorescent proteins (Resch-
Genger et al., 2008). Of these, semiconductor QDs has the advantages of narrow and symmetric 
emission with tunable excitation wavelength, good photostability, high PL quantum yield and 
considerably large 2PA cross-section in the NIR window (Pu et al., 2006;  Qu and Ji, 2009;  Qi 
et al., 2011). Though cadmium-based semiconductor QDs possess interesting properties of high 
PL quantum yield and two-photon absorption cross-section, they are not suitable for bioimaging 
since they release cadmium and reactive oxygen species on photooxidation leading to 
cytotoxicity (Derfus et al., 2003;  Kirchner et al., 2004). ZnS QDs are interesting in this regard 
because of their low cytotoxicity, though they have low non-linear absorption (3PA) cross-
section in the near-infra red window as well as low PL quantum yield. Owing to the reduced 
scattering and absorption of NIR photons in biological tissues, enhancing the multi-photon 
absorption cross-section in biocompatible ZnS QDs in the NIR window is an interesting 
challenge.          
Doping of Mn
2+
 ions is known to enhance the PL quantum yield of ZnS QDs to 65% with 
emission lies in the range of 585-600 nm, depending on parameters such as QD size, synthesis 
methods, concentrations of Mn
2+
 ions etc (Srivastava et al., 2010;  Begum et al., 2012). Along 
with the change in linear optical properties, doping induced defect levels formed in the band gap 
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may change the non-linear absorption properties of nanomaterials. Enhancement in three-photon 




 has been reported in 
nanomaterials (Feng et al., 2009;  Xing et al., 2008). Recently, Mn
2+
-doped ZnS QDs were 
found to be appropriate for high-resolution cellular imaging and in vivo tumour-targeting 
imaging by utilizing their three-photon-absorption-induced PL characteristics in the NIR-I 
window (800 nm to 1040 nm)(Yu et al., 2013a). However, the role of Mn
2+
 ions on the three 
photon absorption properties of ZnS QDs is not completely understood. Understanding the effect 
of doping in determining the three-photon absorption cross-section of ZnS QDs, particularly in 
NIR window, helps to engineer and optimize three-photon absorption, thereby providing a means 
for enhancing the PL emission due to multi-photon absorption from these quantum dots, which 
has applications in multi-photon microscopy.  
Recent investigations show that in addition to the light absorption, scattering of incident 
photons has a strong influence on the penetration depth (Helmchen and Denk, 2005). This is due 
to the high probability of light scattering in biological tissues, mainly because of the difference in 
refractive index offered by the heterogeneous mixture of molecules and cell organelles, making 
even a coherent laser beam incoherent within an imaging length. Only ballistic (non-scattered) 
photons can cause signal generation in the laser focused volume. The ballistic power varies with 




where sl is the scattering length. Since the fluorescence signal due to 
two-photon absorption has quadratic dependence on intensity, the fluorescence signal varies as 
( ) 2( )s
z l
e
 which is equal to 
2 sz le

(Helmchen and Denk, 2005). Light scattering in biological 
tissues has been found to scale with the excitation wavelength ( exc ) as 
2
exc
  approximately, 
indicating that a longer wavelength is more desirable for minimizing light scattering in bio-
imaging (Caccia et al., 2008;  Hoover and Squier, 2013). Consequently, a new transparency 
window called Near-Infrared window II (NIR-II) in the range from 1000 nm to 1350 nm has 
been proposed for bio-imaging applications with the aim of reducing scattering and minimizing  
autofluorescence in biological tissues.(Smith et al., 2009;  Welsher et al., 2011). Beyond 1350 
nm, light absorption of water prevents from decent penetration lengths (Curcio and Petty, 1951). 
Enhanced penetration depth has been successfully demonstrated in liver tissues, lymph nodes 
and brain cells at 1070 nm, 1110 nm and 1280 nm (Hoover and Squier, 2013;  Ritz et al., 2001;  
Herz et al., 2010). Recent studies on carbon nanotubes report that NIR-II imaging can also 
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improve the spatial resolution of the image down to 30 µm, making it possible to image blood 
vessels, taking advantage of the reduced scattering of NIR-II photons (Hong et al., 2012). Also, 
the greater difference between excitation wavelength and PL emission wavelength should readily 
result in a higher signal-to-noise ratio, leading to quality imaging (Resch-Genger et al., 2008).  
Fluorescent proteins are promising candidate materials in this regard as they exhibit 2PA in 
NIR-II and emission in the orange and red region of the visible spectrum. Drobizhev et al. 
suggested tdTomato as the best alternative among the fluorescent proteins with a two-photon 
action cross-section of 60 GM (or 120 GM per protein chain) in the range between 1000 nm and 
1100 nm (Drobizhev et al., 2011;  Drobizhev et al., 2009). However, low photostability and 
possibility of photobleaching of these probes limit its usage in two-photon microscopy with 
excitation of high-repetition-rate laser pulses and long data acquisition time (Drobizhev et al., 
2011). In view of its interesting properties of biocompatibility, photostability and high-resolution 
in vivo imaging capability in NIR-I window reported elsewhere (Yu et al., 2013a), we extend our 
studies in Mn
2+
-doped ZnS QDs to NIR-II window where the excitation wavelength is capable of 
achieving larger imaging depth than NIR-I photons. In addition, the luminescence characteristics 




A1 transition in these QDs were also investigated using 
transient PL lifetime measurements on NIR-I and NIR-II excitation. 
Before going to the experimental details on the synthesis and linear and non-linear optical 
characterization in Mn
2+
-doped ZnS QDs, in the following section, the derivation of 3PA theory 
for direct wide-band gap semiconductor QDs is presented. The theory doesn‟t consider the 
presence of defect levels due to intentional/unintentional impurities in the system. Comparison of 
the experimental results obtained from Mn
2+
-doped ZnS QDs (on excitation in NIR-I window) 
with the theoretical prediction of 3PA cross-section was done to understand the role of defect 
levels in modifying the 3PA properties of semiconductor QDs. 
 
 
4.2. Theory for 3PA in ZnS QDs 
Time dependent theory provides the transition probability for electrons in the initial state i to 
the final state f by simultaneous absorption of three photons, each of energy   as per the 
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In these equations, the subscripts f , i , m ( n ) denote sets of quantum numbers for the final, 
initial and the intermediate states of the electron subsystem respectively and m is the inverse of 








describes the electron-phonon interaction where 
= AA e is the vector wave with amplitude A and the polarization vector e . The three-photon 
generation rate of electron-hole pairs is derived from the Schrodinger equation in the effective-
mass approximation for the four-band model of a semiconductor QD with an isotropic and 
parabolic electronic spectrum, explicitly including the doubly degenerate conduction band (c) 
and two-fold degenerate bands of heavy (h1), light (h2), and spin-orbit-split (h3) holes. The 
coupling of three valence bands (heavy hole: hh, light hole: lh, spin–orbit-split hole: so) and the 
coupling between the valence band and the conduction band is neglected and there is no band 
mixing between heavy holes and light holes in the valence band. It is also assumed that electrons 
and holes are located in a spherical potential well of radius R with infinitely high walls, and that 
the Coulomb electron-hole correlation is negligibly small; all the effective masses are constants. 
Figure 4.1 illustrates the different possible states for a frequency degenerate 3PA process, where 
the transition through two virtual states to reach the excited state ( )jh c , can be regarded to be 
due to two intraband transitions and one inter-band transition. The QDs under investigation are 
randomly oriented along different crystallographic directions. Considering the orientation and 
size distribution of the QDs, using Federov‟s 2PA theory (Fedorov et al., 1996), the 3PA 





W f R dR
I
  
                                             
(4.3)
 
where (3)W is the average three-photon generation rate, N is the QD concentration, I is the 
incident light intensity given by  
1 12 22 2I A c  

 ,  is the dielectric constant of the 
semiconductor at the light frequency  . The inhomogeneous size distribution of the ensemble of 
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QDs, primarily determined by the mode and conditions of sample preparation, can be 
characterized by a size distribution function  f R , which is usually a Gaussian function (Wu et 
al., 1987) or Lifshitz- Slezov distribution (Lifshits and Slezov, 1958) 









                                                            
(4.4)
 
where B , the amplitude envelope and , jc hF , the average form function for two-photon 
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(4.6)  
where , 0/c hP p m , ,c hp is the interband matrix element of the electron momentum and 0m is 
the free electron mass. 
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E   , am is the effective mass in the a band; ,n l  is the 
thn root of thl order 


























Figure 4.1. Three possibilities of 3PA transitions from valence band to conduction band 
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The equation also gives the selection rules for three-photon transition; transition can occur 
from the valence band to the conduction band only when 2 0 1,l l     2 1 1,l l   2 0 0, 1m m  
and 2 1 0, 1m m   , where 1 1( , )l m , 0 0( , )l m and 2 2( , )l m are the quantum number of electron, hole 
and intermediate state respectively. In most experiments, one used to measure 3PA in terms of 
three-photon absorption cross-section 3 which is related to 3 as 
 
2
3 3 N                                                               
(4.8)  
 Frequency degenerate 3PA cross-section for ZnS QDs, with a Gaussian size distribution has 
been calculated using the following parameters 3.8gE   eV, 0.07so  eV, 00.28cm m , 
01.76hhm m ,  00.23lhm m , 00.4som m and 2.2Ba nm . 
 
4.3. Materials and Methods 
 
4.3.1. Synthesis of Mn
2+
-doped ZnS QDs 




-doped ZnS QDs) were synthesized from 
a previously reported colloidal synthesis technique using Zinc chloride, Manganese chloride and 
elemental Sulphur in a dibenzylamine coordinating solvent (Yu et al., 2013b). ZnCl2 (0.4 g) and 
(MnCl2 0.015 g) were dissolved in 54 ml of dibenzylamine and heated to 120 
0
C under vacuum 
for 2 hours. Sulphur powder (0.6 g) was added to the mixed metal-dibenzylamine complex 
solution at 50 
0
C. This mixture was heated to 260 
0
C, and kept at the same temperature for 15 
minutes. Another stock solution of zinc-dibenzylamine complex was prepared by heating 0.8 g 
of ZnCl2 dissolved in 10 ml of dibenzylamine at 120 
0
C under vacuum for 1 hour. After the 
initial synthesis procedure of ageing at 260 
0
C for 15 minutes, the solution was cooled down to 
150 
0
C, and 5 ml of the as-prepared zinc-dibenzylamine complex stock solution was added. The 
resulting reaction mixture was heated to 260 
0
C and further aged at that temperature for 15 min. 
Finally, the solution was cooled to 160 
0
C, and hot ethanol or propanol was added to collect the 
NC powder. These QDs were post-treated with oleyl amine and were dissolved in octane. The 
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size of the as-synthesized QDs was determined from transmission electron microscope (TEM, 
JEOL EM-2010) images. Inductively coupled plasma-atomic emission spectra (ICP-AES) were 
measured using Shimadzu ICPS-1000 IV ICP-AES spectrometer. The nanocrystal concentration 
was determined by calibrating the zinc concentration obtained from inductively coupled plasma-
atomic emission spectra (ICP-AES) with the nanocrystal size obtained from TEM analysis. 
These QDs dissolved in octane with a QD molar concentration of 13 µM (7.8 x 10
15
 QDs per 
cm
3
) were used for non-linear optical characterizations.  
 
4.3.2. Linear Optical Characterization 
In this work, ZnS QDs doped with 1.1% Mn
2+
 ions were used for investigation and the dopant 
concentration was determined using inductively coupled plasma atomic emission spectroscopy. 
The TEM measurements (Figure 4.2a) show that QDs are monodisperse and nearly spherical 
with an average particle size of 5.5 nm and a size dispersion of 0.5 nm. The measured UV-
Visible absorption spectrum shows resolvable one-photon absorption induced optical transitions 
from valence subbands to conduction subbands of ZnS QDs, depicted in Figure 4.2(b), where we 
fit with three Gaussian profiles, with the lowest peak at 318 nm and second lowest peak at 293 
nm corresponding to the excitonic transitions of 3
2
1 ( ) 1 ( )S e S h  and 3
2
1 ( ) 2 ( )S e S h , 
respectively. These transitions are depicted in the energy level diagram of Mn
2+
-doped ZnS QDs 
documented in Figure 4.3 (transitions (a) and (b)). Here the continuous energy bands of the bulk 































Figure 4.2(a). Transmission Electron Microscopic (TEM) images of Mn
2+
-doped 
ZnS QDs showing an average size of 5.5 nm. Inset shows the lattice fringes 
demonstrating the crystalline quality of QDs. 
Figure 4.2(b). UV-Visible absorption spectrum for Mn2+-doped ZnS QDs (blue) 
fitted with Gaussian curves (red), showing the first excitonic transition from 1S3/2(h) to 
1S(e) and the second excitonic transition from 2S3/2(h) to 1S(e) at 318 nm (3.9 eV) and 





 ions in ZnS QDs, defect levels are introduced in the system which will 
modify the linear optical properties, particularly the photoluminescence emission. One-photon-
induced PL spectrum in Mn
2+
-doped ZnS QDs (Figure 4.2(c)) shows emission peaked around 
586 nm, attributed to the transition from Mn
2+




 ground state (
6
A1) 
indicated as transition (c) in Figure 4.3. Intrinsic PL emission in undoped ZnS QDs peaked 
around 438 nm (due to the vacancy of S
2-
 ions in undoped ZnS QDs) was quenched in Mn
2+
-
doped ZnS QDs (transition (d) in Figure 4.3). This indicates that the relaxation through Mn
2+
 
defect levels serves to be an effective channel for the transfer of electrons and holes in ZnS QDs 
suggesting a strong interaction between the d-electron states of Mn
2+
 ions and the s-p states of 
ZnS host lattice. The photoluminescence excitation (PLE) spectrum depicted in Figure 4.2(c) 
indicates that the one-photon absorption is dominated by the transition across the valence and 













Figure 4.2(c). One-photon PLE(blue) and PL(red) spectra of Mn
2+













4.3.3. Multi-photon absorption induced Photoluminescence in Mn
2+
- doped ZnS QDs on 
excitation in Near-Infrared Window I 
In this section, we present the results of investigations on three-photon action cross-section in 
Mn
2+-
doped ZnS QDs in the near-infrared window I. The three-photon action cross-section of 
Mn
2+
-doped ZnS QDs were compared with that in undoped ZnS QDs with the aim of 
understanding the effect of doping Mn
2+
 ions. The observed three-photon action cross-section in 
doped ZnS QDs were also compared with the frequency degenerate 3PA theoretical prediction 
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ħω (438 nm) 
(b) (d) 
(f) 
Figure 4.3. Energy level diagram explaining the one-photon- absorption-induced 
photodynamics in Mn
2+
-doped ZnS QDs and undoped ZnS QDs. (a) First excitonic 
transition from 1S3/2(h) to 1S(e) by one- photon absorption. (b) Second excitonic 
transition from 2S3/2(h) to 1S(e) by one-photon absorption. (c) Emission peaked at 586 
nm in Mn
2+




A1 states of Mn
2+
 ions. (d) 
Emission peaked at 438 nm due to transition from the defect levels due to S
2-
 vacancies 
to the valence subband states (f) Wiggled arrows showing nonradiative relaxation. 
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comprehend the effect of defect levels in modifying the three-photon absorption cross-section in 
these materials. The enhancement in three-photon action cross-section observed in doped QDs is 
analysed taking into account the mechanism of two-photon enhanced three-photon absorption in 
these materials.  
The three-photon action cross-section (which refers to the  product of three-photon absorption 
cross-section and quantum yield) on NIR-I window was determined using multi-photon 
absorption induced photoluminescence measurements. The sample was optically excited using 
laser pulses with tunable wavelength (300-1600 nm, 150 fs, 1 kHz) produced by a mode-locked 
Ti: Sapphire laser seeded Ti: Sapphire regenerative amplifier (COHERENT, Vitesse) pumped 
OPA (TOPAS). The incident laser pulses (860-1300 nm, 150 fs, 1 kHz) were focused by a 10-cm 
focal length lens onto a 1-cm-thick quartz cell containing QD solution. The laser beam was 
focused into the QD solution by means of a lens of focal length 10 cm and the beam spot size at 
the focal plane was 26-28 μm. The multi-photon-excited PL signal was collected in the 
perpendicular direction of the incident light using a collection system of two 10-cm focal length 
lenses; and then coupled into a spectrometer (Avaspec- 2048-SPU, Resolution 0.5 nm). As a 
calibration, a standard sample, Rhodamine 6G which shows quadratic dependence to excitation 
fluence at 900 nm, was employed in the same experimental set-up(Makarov et al., 2008) .
 
To 
calibrate the experimental set-up, a standard sample (Rhodamine 6G) was also characterized in 
the same set up.  
The emission spectrum on excitation in NIR-I is observed to be similar to one-photon case 
with peak at 586 nm. Figure 4.4(a) shows the emission spectrum of Mn
2+
-doped ZnS QDs 
normalized with the Rhodamine 6G emission in the same experimental set-up under laser 
excitation at 950 nm.  To understand the role of Mn
2+
 doping on three-photon action cross-
section, undoped ZnS QDs were also characterized in the same experimental set-up. The PL 
emission in undoped ZnS QDs is weak compared to doped ZnS QDs and was not able to detect 
at a fluence of 0.25 J/cm
2
. However, on increasing the fluence to 0.6 J/cm
2
, undoped ZnS QDs 
















The PL emission on multi-photon absorption depends non-linearly on the excitation fluence 
and hence to ascertain the excitation mechanism responsible for the emission, the measured PL 
signal was plotted as a function of excitation fluence. Figure 4.5 illustrates the fluence 
dependence of PL observed in Mn
2+
-doped ZnS QDs and Rhodamine 6G at 900 nm. Rhodamine 
shows quadratic dependence, indicating that the PL emission is induced by two-photon 
absorption in these molecules, consistent with the reported work (Makarov et al., 2008). Mn
2+
-
doped ZnS QDs show cubic dependence (slope ~ 3), confirming that three-photon excitation is 
responsible for the observed PL emission. This was expected since in this excitation wavelength, 
3   energy matches with the difference between the valence and conduction subbands of ZnS 
QDs, and hence, 3PA is allowed to excite electrons to the conduction subbands of ZnS QDs 
(process “c” in Figure 4.6). Subsequently, these excited electrons relax to 4T1 states of Mn
2+
 ions 
due to non-radiative relaxation (see process “ f ” in Figure 4.6), leading to PL (see process “ e ” 
Figure 4.4.(a) Multi-photon-excited PL emission spectra of Mn
2+
-doped ZnS 
QDs, undoped ZnS QDs and Rhodamine 6G with PL signal being normalized to 
the PL peak intensity of Rhodamine 6G. 
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in Figure 4.6). Undoped ZnS QDs also shows a cubic dependence of PL intensity on excitation 






To determine the three-photon action cross-section, which is the product of two-photon 
absorption cross-section and PL quantum yield, the PL photon counts of the undoped ZnS QDs 
and Mn
2+
-doped ZnS QDs QDs are compared with Rhodamine 6G. The three-photon excited PL 
strength 3F can be found out by integrating 
3
3 3 3 2 rf ds dz I        over the entire laser focused 
volume and time where 2  is the PL quantum yield,   is the fluorescence collection efficiency 
of the experimental set-up, 3  is the two-photon absorption cross-section,  is the sample 
Figure 4.4.(b) Multi-photon-excited PL emission spectra of Mn
2+
-doped 
ZnS QDs and undoped ZnS QDs on excitation at 950 nm. 
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concentration, .ds dz  is the small volume of the focused laser beam considered, and rI  is the 









Figure 4.5. Excitation fluence dependence of multiphoton excited PL peak 
intensity for Mn
2+
-doped ZnS QDs at different excitation wavelengths. As a 
calibration, excitation fluence dependence of Rhodamine 6G is measured at 900 













Assuming that the temporal and spatial profiles of the input laser pulses are Gaussian 
functions, the three-photon action cross-section ( 3 3  ) of Mn
2+
-doped ZnS QDs/undoped ZnS 
QDs can be obtained from the ratio of the measured PL from Rhodamine 6G to Mn
2+
-doped ZnS 
QDs/undoped ZnS QDs 3 3 3 0 2









where  2 2 Rh  is known and 2( )RhF , the PL 
intensity is measured at 860 nm.. Two-photon absorption cross-section of Rhodamine 6G 
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(a) 3PA through virtual states  (b) 2PA enhanced 3PA 
(a) 
ħω (438 nm) 
(b) (c) (d) 
Figure 4.6.  Energy level diagram explaining the multi-photon-absorption-induced 
photodynamics in Mn
2+
-doped ZnS QDs and undoped ZnS QDs. (a) Excitation from 
1S3/2(h) to 1S(e) by three-photon absorption (b) Excitation from 1S3/2(h) to 1S(e) by 
two-photon enhanced three-photon absorption (c) MPA-PL emission in undoped ZnS 
QDs peaked at 438 nm, similar to one-photon absorption induced PL emission, is a 
result of transition from the S
2-
 defect states to valence subband states (d) MPA-PL 
emission in Mn
2+
-doped ZnS QDs, peaked at 586 nm, similar to one-photon absorption 









(Makarov et al., 2008). Figure 4.7 shows the comparison of the three-photon action cross-section 
observed for Mn
2+
-doped ZnS QDs and undoped QDs. An enhancement of nearly two orders is 
clearly observable in this figure, indicating that on doping Mn
2+
 ions, the action cross-section can 
be enhanced. Above 1000 nm, the emission from undoped ZnS QDs became so weak to be 
measured by our detector, which suggests a decreased cross-section above 1000 nm. But the 
cross-section of doped QDs was of the same order throughout the near IR wavelengths upto 1050 
nm, which can be understood to be due to the effect of doping Mn
2+
 ions. Undoped ZnS QDs are 
also not completely free of defect levels due to surface/defect states. These defect states can also 
contribute to the observed cross-section.  
In order to understand the role of defect levels in modifying the three-photon action cross-
section in doped and undoped ZnS QDs, the results were compared with the theoretical four-
band model, derived under the effective mass approximation (Feng et al., 2008). By applying the 
3PA model discussed in Section 4.2, the three-photon absorption cross-section for ZnS QDs with 
similar size (5.5 nm) was derived. The grey area in Figure 4.7 is the calculated three-photon 
action cross-section determined theoretically, assuming that the PL quantum yield lies between 
1-30 %. Under this assumption, the experimentally determined three-photon action cross-section 
of Mn
2+
-doped ZnS QDs matches with the theoretical value up to 930 nm. But above this 
wavelength, theory predicts a rapid decrease in three-photon action cross-section with increase in 
wavelength whereas experimentally, we observed that the cross-section remains of the same 
order even up to 1050 nm. It should also be noticed that the enhancement with theory is also 
present in undoped ZnS QDs up to 1000 nm. Above 1000 nm, there is a decrease in cross-section 
as predicted by the theory. The theory does not consider the presence of defect levels in the 
system, which explains the discrepancy between the theory and the experiment. The defects can 
form energy levels in the band gap. When the energy of two photons is coming in resonance with 







get modified as a result of two-photon enhanced three-photon absorption (process “b” in Figure 
4.6). A careful analysis based on the energy level diagram indicates that the observed 
enhancement is in the wavelength region where the two-photon energy is matching with the 
transition from ZnS valence sub band states to the intentional (due to Mn
2+
 ions) or unintentional 
defect levels (surface/interstitials/vacancies). Above 1000 nm, the two-photon energy moves 
away from the resonance of the transition from the ground state to defect levels due to 
surface/interstitial levels for the undoped ZnS QDs which explains the observed reduction in 
cross-section in this wavelength range, consistent with the theory. In Mn
2+
-doped ZnS QDs, 
doping leads to considerable enhancement in the density of states of the defect levels and hence 
results in an enhancement over a wide spectral region upto 1050 nm. Here also, the enhancement 
can be understood to be due to two-photon enhanced three-photon absorption. This kind of 
Figure 4.7. Comparison of the three-photon action cross-section estimated for 
Mn
2+
-doped ZnS QDs and undoped ZnS QDs with the theoretical four band model 
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enhanced three-photon absorption has been reported in transition metal doped ZnS/ZnSe core-
shell systems, but the enhancement observed is of many orders compared to theoretical 
prediction in the present case of Mn
2+
-doped ZnS QDs. It is clear that Mn
2+
 doping effectively 
enhances the three-photon absorption in ZnS QDs. With its applications in optical imaging 
applications, our present study in bio-compatible ZnS QDs, with excitation in NIR-I window, 
points out the possibility of tailoring the three-photon absorption in ZnS QDs by varying the 
dopant concentration. 
 
4.3.4. Multi-photon absorption induced Photoluminescence in Mn
2+
-doped ZnS QDs on 
excitation in Near-Infrared Window II 
 
Multi-photon-absorption-induced PL emission of Mn
2+
-doped ZnS QDs in NIR-II was 
recorded on femtosecond laser excitation in the wavelength range from 1050 nm to 1310 nm. 
Figure 4.8 shows the emission spectrum of Mn
2+
-doped ZnS QDs normalized with the 
Rhodamine 6G emission in the same experimental set-up under laser excitation at 1060 nm. The 
emission spectrum on excitation in NIR-II is observed to be similar to one-photon case with peak 
at 586 nm. The PL emission on multi-photon absorption depends non-linearly on the excitation 
fluence and hence, to ascertain two-photon-induced or three-photon-induced PL processes, the 
measured PL signal was plotted as a function of excitation fluence. The fluence dependence of 
PL observed in Mn
2+
-doped ZnS QDs at different wavelengths is illustrated in Figure 4.9. It is 
clear that the PL emission peaked around 586 nm in Mn
2+
-doped ZnS QDs is higher on 
excitation at 1180 nm and 1100 nm, compared to that at 900 and 1000 nm, indicating higher PL 
efficiency on two-photon excitation in NIR-II wavelength photons when compared to three-
photon excitation in NIR-I window. Figure 4.9 also indicates that the emission at 586 nm 
observed in Mn
2+-
doped ZnS QDs when excited at NIR-II wavelengths is stronger than the 
emission from Rhodamine 6G molecules excited at 900 nm. From the fluence dependence of PL, 
we obtained the slopes, and the observed slope  at different wavelengths is displayed in Figure 
4.10, whereby the error bar results from the standard deviation from several measurements of PL 
signal for a given excitation fluence in Figure 4.9. 





















Between 900 nm and 1040 nm, the slopes of PL from Mn
2+
-doped ZnS QDs are close to 3, 
clearly indicating three-photon absorption (3PA). In this excitation range, corresponding to 
process „c‟ in Figure 4.11, 3   energy matches with the difference between the valence and 
conduction subbands of ZnS QDs, and hence, 3PA is allowed to excite electrons to the 
conduction subbands of ZnS QDs. Subsequently, these excited electrons relax to 
4
T1 states of 
Mn
2+
 ions due to non-radiative relaxation (see process „ f ‟ in Figure 4.11), leading to PL (see 
process „ e‟  in Figure 4.11). Furthermore, because of the same selection rule for 1PA and 3PA, 
this range also matches with the 1PA spectrum of 300-347 nm.  
 
Figure 4.8. Multi-photon-excited PL emission spectra of Mn
2+
-doped ZnS 
QDs and Rhodamine 6G on excitation at 1060 nm with PL signal being 
























As the excitation wavelength is increased to the range between 1050 nm and 1310 nm, the 
slope is reduced to be around 2, which corresponds to the switching of excitation mechanism 
from 3PA to 2PA. In this case, however, the excitation mechanism is no longer involving the 
conduction subbands of ZnS QDs. 2   energy directly matches with the difference between 
Mn
2+
 excited state 
4
T1 and valance subband of ZnS QDs (or ground states of Mn
2+
), as indicated 
by process „d‟  in Figure 4.11. It should be pointed out that the selection rule of 2PA is different 
from that of 1PA, that explains why no 1PA is observed in the range of 525 – 640 nm. So, our 
Figure 4.9. Excitation fluence dependence of multi-photon excited PL peak intensity for 
Mn
2+
-doped ZnS QDs at different excitation wavelengths. As a calibration, excitation 
fluence dependence of Rhodamine 6G is measured at 900 nm. Solid lines are linear fits, 
and S is the slope observed at each wavelength. The efficiency of PL emission in Mn
2+
-
doped ZnS QDs is observed to be the highest when excited at 1180 nm compared to 
other wavelengths. Also the PL emission efficiency of Mn
2+
-doped ZnS QDs in NIR-II 
is observed to be higher than Rhodamine 6G molecules at 900 nm.  
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studies indicate that in addition to the change in the linear optical properties, doping of Mn
2+
 ions 
can effectively modify the non-linear absorption behavior of ZnS QDs as well, thereby 














Figure 4.10. Slope obtained from the log-log plot of PL peak intensity 
(586 nm) with excitation fluence for Mn
2+
-doped ZnS QDs at different 
excitation wavelengths. A change in slope from 3 to 2 is observed at ~1050 
nm, indicating switching of mechanism responsible for PL emission from 















A direct measurement of PL brightness is the two-photon action cross-section, which is the 
product of two-photon absorption cross-section and PL quantum yield. The two-photon-excited 
PL strength 2F  can be found out by integrating 2f  given by 
2
2 2 2 rf ds dz I       , over the 
entire laser focused volume and time where 2  is the PL quantum yield,   is the fluorescence 
collection efficiency of the experimental set-up, 2  is the two-photon absorption cross-section, 
 is the sample concentration, .ds dz  is the small volume of the focused laser beam considered, 
and rI  is the nearly-constant laser intensity at this small volume (Xing et al., 2008). Assuming 
Gaussian functions for temporal and spatial profiles of input laser pulses, the total-collected PL 
Figure 4.11.  Energy level diagram explaining the one-photon- and multi-photon-
absorption-induced photodynamics in Mn
2+
-doped ZnS QDs. a) First excitonic 
transition from 1S3/2(h) to 1S(e) by one-photon absorption. b) Second excitonic 
transition from 2S3/2(h) to 1S(e) by one-photon absorption. c) Excitation from 1S3/2(h) to 
1S(e) by three-photon absorption. d) Excitation from valence subbands (or Mn
2+
 ground 
state (GS)) to Mn
2+ 




T1) by two-photon absorption. e) Emission 




A1 states of Mn
2+ 
ions. f) Wiggled 
arrows showing non-radiative relaxation. 
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signal is given by 
5/2
2 2




     where  is the half width of the Gaussian laser pulse, 
00I is the peak intensity on the beam propagation axis, 0 is the beam waist and 0z is the 
diffraction length. To calibrate our measurements, we used Rhodamine 6G molecules in 
methanol (0.1 mM). Two-photon absorption cross-section of Rhodamine 6G molecule (quantum 






) at 1060 nm (Makarov et al., 
2008). Then, the two-photon action cross-section of Mn
2+
-doped ZnS QDs can be obtained from 
the ratio of the measured PL from Rhodamine 6G to Mn
2+
-doped ZnS QDs (
2
2( ) 2 2 00
2












) where  2 2 Rh  is known and 2( )RhF , the PL intensity is measured at 
1060 nm. Figure 4.12 depicts the measured two-photon action cross-sections for Mn
2+
-doped 




















Figure 4.12. Two-photon action cross-section estimated for Mn
2+
-doped 


























Even though higher two-photon action cross-section on NIR-I wavelength excitation (650 -
1000 nm) has been reported in Cd-based semiconductor QDs, such as CdTe QDs (150 GM - 8 




 GM at 840 nm)(Pu et al., 2006), CdSe/ZnS 
QDs (10
4
 GM at 700-1000 nm)(Larson et al., 2003), their non-linear absorption properties in 
NIR-II are unknown. Also, high cytotoxicity prevents its use as nanoprobes in biological tissues. 




QDs compare favorably with 
other chromophores such as organic dye molecules and fluorescent proteins, as illustrated in 
Figure 4.13. It also shows the optical transparency window for the biological tissues, NIR-I and 
NIR-II constrained by the absorption of melanin and hemoglobin in the shorter wavelength and 
Figure 4.13. Comparison of two-photon action cross-section in Mn
2+
-doped ZnS 
QDs in NIR-II (g) with other chromophores such as organic dye molecules (a-f) and 
fluorescent proteins (h-m). ((a) Rhodamine B, (b) Fluorescein, (c) Coumarin 307, (d) 
Cascade blue, (e) Dansyl and (f) Lucifer Yellow (Xu and Webb, 1996) and ((h) 
tdTomato, (i) mBanana, (j) mRFP, (k) mCherry, (l) mStrawberry, (m) 
mTangerine)(Drobizhev et al., 2009) 
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water absorption in the longer wavelength. It is clear from Figure 4.13 that the two-photon action 
cross-section observed in Mn
2+
-doped ZnS QDs is one to two orders greater than that for  
organic dye molecules and three to four times greater than that for  fluorescent proteins excited 
in NIR-II. In addition to the higher two-photon absorption cross-section in the NIR-II window, 
these QDs also exhibit high anti-Stokes shift. Anti-Stokes shift is defined as the difference 
between the excitation maximum and the PL emission wavelength. The excitation in the near IR 
wavelengths from 1050 to 1300 nm with emission near 586 nm indicates an anti-Stokes shift 
greater than 450 nm, which is highly desirable in two-photon microscopy, as it considerably 
enhances the signal to noise ratio (Resch-Genger et al., 2008). 
As discussed previously, one of the major challenges in two-photon microscopy is the 
prerequisite to keep sufficiently high intensity at the focal plane, since the biological tissues 
cause scattering of incident photons (Hoover and Squier, 2013). The tactics to solve the problem 
include shifting the excitation to NIR-II window and using two-photon excited highly 
fluorescing biological labels. Our studies indicate that Mn
2+
-doped ZnS QDs is promising in this 
regard. In addition to this, NIR-II excitation can also increase the imaging depth and henceforth 
Mn
2+
-doped ZnS QDs are excellent candidate materials for deep tissue imaging. 
 
4.3.5. Transient PL measurements  
 
PL lifetime is a major factor impeding the signal detection and hence we have performed 
transient PL measurements for excitation in the near-IR wavelength region. Transient PL 
measurements were carried out in the same experimental set-up as that of MPA-PL studies. PL 
signal due to multi-photon excitation from Mn
2+
-doped ZnS QDs were collected with a Silicon 
fast photo-diode (EOT, Silicon PIN detector ET-2040, 30 ns) which was input to an oscilloscope 
(CRO, Tektronix TDS 380, 50-ohm-terminated, 400-MHz bandwidth). The measurements were 
carried out in the range from 900 nm to 1310 nm with an excitation fluence of 0.25 J/cm
2
 at all 
excitation wavelengths. The resolution of the set-up is nearly 30 ns. The time resolved PL 
emission observed in Mn
2+
-doped ZnS QDs on excitation at 900-1100 nm is depicted in Figure 





















Figure 4.14. (a) Multi-photon-excited PL lifetime measurements in Mn
2+
-doped 
ZnS QDs (emission at 586 nm) at different excitation wavelengths from 900 to 
1100 nm (fluence = 0.25 J/cm
2
). The decay kinetics remains the same for all 
excitation wavelengths. (b) Normalized two-photon excited PL lifetime curve for 
excitation at 1100 nm (fluence = 0.25 J/cm
2





The results suggest that the lifetime for PL emission at 586 nm in Mn
2+
-doped ZnS QDs is 
independent of excitation wavelength. This is expected since the emission is always due to the 
transition from 
4
T1 state to 
6
A1 state of Mn
2+
 ions. As shown in Figure 4.14(b), the decay curves 




 and  = 0.35 ± 0.03 ms.  Such a long lifetime arises 
from the fact that the transition between Mn
2+
 states is a partially allowed transition, due to spin-
orbit coupling and sp-d mixing of the electronic states in Mn
2+
-doped ZnS QDs (Bhargava et al., 
1994;  Huong and Birman, 2004). Our measurement indicates a shortened PL lifetime compared 
to the decay lifetime of 1.8 ms reported in Mn
2+
 single ion pairs (Gumlich, 1981), whereas it is 
comparable to the PL lifetime in ZnS with higher Mn
2+
 ion concentration, similar to previous 
reports (Gumlich, 1981). Lifetimes of 0.4 ms and 0.09 ms were observed in Mn
2+
 pairs with less 
effective coupling and Mn
2+
 nearest neighbor coupled pairs with strong coupling respectively, 
when the concentration is greater than 1% (Gumlich, 1981). The decrease in lifetime is a result 
of the increase in the oscillator strength when another Mn
2+
 ion is incorporated even on a distant 
site. The PL lifetime and the PL emission wavelength observed in our samples indicate effective 
doping of Mn
2+
 ions inside the QD volume. The observed PL emission lifetime in Mn
2+
-doped 
ZnS QDs is four to five orders higher than other fluorescent probes such as dyes (1-10 ns), 
fluorescent proteins (1-3 ns) and three to four orders higher compared to other semiconductor 
QDs (10-100 ns) (Resch-Genger et al., 2008;  Drobizhev et al., 2011). The longer lifetime of PL 
and single exponential decay should facilitate data acquisition in bio-imaging, particularly, in the 
temporal discrimination of the PL emission from the scattered excitation light and auto 
fluorescence background in the surrounding tissues, thereby enhancing the signal-to-noise ratio 





In this work, we have investigated the effect of doping Mn
2+
 ions on the three-photon 
action cross-section of ZnS QDs in NIR-I window. We observed an enhancement of nearly two 
orders in comparison with undoped ZnS QDs. The experimental results were compared with the 
theoretical prediction by frequency-degenerate 3PA theoretical model derived under four band 
approximation for undoped ZnS QDs of similar size.  It is observed that the three-photon action 
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cross-section of the doped QDs is greatly enhanced compared to the theoretical prediction in the 
wavelengths where the two-photon energy matches with the transition between the ground state 
to the defect levels and the three-photon energy matches with the excitonic transition. This is 
attributed to two-photon enhanced three-photon absorption; our results suggest that defect levels 
play an important role in determining the three-photon absorption in these QDs. Such an 
enhancement observed in biocompatible ZnS QDs on doping Mn
2+
 ions gives an insight to 
design and optimization of  the three-photon absorption properties of ZnS QDs by controlling the 
defect levels in the system by adjusting the concentration of Mn
2+
 ions, which can be of 
relevance for its applications in multi-photon microscopy. 
We have also extended our studies to investigate the various photo-physical properties of 
Mn
2+
-doped ZnS QDs such as QD brightness (action cross-section) and PL lifetime on excitation 
in the NIR-II window (1050 nm to 1310 nm). Transient PL measurements of Mn
2+
-doped ZnS 




A1 transition of Mn
2+
 ions has a lifetime of 
0.35± 0.03 ms, which is almost five to six orders longer than that in other chromophores like 
organic dyes and fluorescent proteins and four to five orders higher than other semiconductor 
QDs. Apart from high anti-Stokes shift of 450 nm between the excitation and emission, these 
QDs possess high two-photon action cross-section (265 GM per QD) on excitation in the 
window of NIR-II,  the excitation mechanism is attributed to the direct transitions from ZnS QD 
valence subbands (or Mn
2+
 ground state) to the Mn
2+
 excited state. This action cross-section is 
observed to be one to two orders greater than organic dye molecules and three-four times higher 
than fluorescent proteins in the NIR-II window. Higher two-photon action cross-section and PL 
emission efficiency on NIR-II window excitation, longer emission lifetime and larger anti-Stokes 
shift observed in these biocompatible Mn
2+
-doped ZnS QDs can open new perspectives in the 










TWO-PHOTON ABSORPTION INDUCED PHOTOLUMINESCENCE IN 
CdS-CdSe-CdS SEGMENTED NANORODS 
 
In this chapter, we propose the design of a new kind of hetero-nanostructures of CdS-CdSe-
CdS segmented nanorods, which offer the possibility of variation of the relative volumes of CdS 
and CdSe segments. This design permits independent tuning of one-photon and two-photon 
absorption cross-section over a wide range of wavelengths, with specific advantages in 
applications related to photovoltaics and multi-photon microscopy. In particular, we investigate 
the one-photon and two-photon absorption induced photoluminescence in CdS-CdSe-CdS 
segmented nanorods. The effect of the composite structure on the optical non-linear properties of 
CdS-CdSe-CdS segmented nanorods is also examined by considering the effect of local field, as 
suggested by Maxwell-Garnett theory.  
 
5.1. Introduction 
The progress in the synthesis of colloidal nanoparticles allows today to synthesize 
nanocrystals consisting of different materials, known as hetero-nanostructures. The ability to 
control the composition as well as the shape and size of each component allows one to design 
different kinds of hetero-nanostructures ranging from core-shell to segmented nanorods. Besides 
extending the range of available particles, the synthesis of hetero-nanostructures also leads to the 
emergence of fascinating physical properties which are of interest from a scientific point of view 
as well as for technological applications. Different kinds of hetero-nanostructures such as core-
shell nanoparticles, dot-in rod, tetrapods, octapods and segmented nanorods have been reported 
(Reiss et al., 2009;  Sitt et al., 2013;  Lutich et al., 2010;  Zhang et al., 2013;  Shieh et al., 2005). 
By an appropriate choice of materials and particle size, the spatial distribution of the excited state 
wave function of electrons and holes can be confined to any of the component in these hetero-
nanostructures. In other words, the overlap of electron and hole wave functions can be controlled 
in these hetero-nanostructures which in turn can determine the PL emission energy, quantum 
yield, life time and multi-excitonic properties (Reiss et al., 2009;  Sitt et al., 2013). The 
properties such as high photoluminescence (PL) quantum yields with spectrally narrow and 
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symmetric emission, suppressed Auger recombination and significantly suppressed blinking and 
photo bleaching make them suitable for a wide range of applications such as lasing, light-
emitting, and photovoltaic devices (Chen et al., 2013   Garc a-Santamar a et al., 2011;  Grivas et 
al., 2013   Garc a-Santamar a et al., 2009;  Htoon et al., 2010;  Talapin et al., 2007).  
 Depending on the band gaps and the relative position of the electronic energy levels of the 
component semiconductor nanocrystals, semiconductor hetero-nanostructures can be 
denominated as type I, reverse-type I, type II and quasi-type II band alignment (Reiss et al., 
2009) as shown in Figure 5.1. In the type I hetero-nanostructure, a semiconductor material of 
narrow band gap (core) is sandwiched by another semiconductor material (shell) with wide band 
gap so that after photo excitation, the electron and hole wavefunctions are confined in the core. 
These NCs exhibit bright and stable fluorescence and finds use in light emitting diodes as well as 
for biological tagging.  In reverse type I band alignment, opposite to the type I band alignment, 
the holes and electrons are confined to the shell material. These NCs also exhibit good PL 
emission properties. In type II hetero-nanostructures, the staggered band alignment lead to spatial 
separation of electron and hole in different semiconductor materials of the hetero-nanostructure, 
and hence are beneficial for photovoltaic applications. In quasi-type II, either the electron (hole) 
wavefunction is delocalized throughout the hetero-nanostructure whereas the hole (electron) is 
confined to one semiconductor. These structures offer tunable PL emission properties as well as 
carrier relaxation of multi-excitons which finds applications in lasing, photodetectors, 
photovoltaics etc. The ability to control the size as well as the structure of the component 
nanocrystals offers a new paradigm for designing materials with ingenious properties.   
Hetero-nanostructures of CdS-CdSe are particularly interesting among various heterojunction 
nanomaterials studied so far, such as CdTe/CdS(Dai et al., 2012), CdSe/ZnS(Lee et al., 2013), 
ZnSe/CdSe(Zhong et al., 2005), CdS/ZnSe(Ivanov et al., 2007), CdS/CdSe core-shell 
nanostructures(Pal et al., 2011;  Chen et al., 2013), dot-in-rod nanostructures(Wen et al., 2012;  
Rainò et al., 2011), tetrapods(Lutich et al., 2010), octapods(Scotognella et al., 2011;  Zhang et 
al., 2013) and dot-in-plate(Cassette et al., 2012). This is because  (1) they possess relatively low 
lattice mismatch leading to a lower defect density resulting in high PL quantum yield up to 97 
%(Chen et al., 2013); (2) longer biexciton lifetimes up to nano seconds; (3) biexciton quantum 
yield of 40-50 % reported in CdS-CdSe core-shell structures(Garc a-Santamar a et al., 2011); 
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and (4) band alignment that is tunable from type I to quasi-type II by varying the core size, rod 
size, interfacial strain etc.(Sitt et al., 2009). 
With quasi-type II alignment and efficient charge transfer from CdS to CdSe, CdS-CdSe 
tetrapods and dot-in-rod structures are suggested to be suitable candidate for photovoltaic 
applications.(Borys et al., 2010;  Wu et al., 2013) While the band alignment of quasi-type II in 
CdS-CdSe hetero-nanostructures favors charge separation and collection, the one-photon 
absorption cross-section below 2.4 eV in these nanostructures is limited by the volume of CdSe, 
which is used in the form of a quantum dot (QD) in the reported hetero- nanostructures such as 
core-shell, dot-in-rod and tetrapod. One of the feasible strategies to achieve high absorption 
cross-section over a wide range of wavelengths in CdS-CdSe hetero-nanostructures is by 
replacing CdSe QDs with nanorods since the latter have larger absorption cross-section, 
enhanced stabilities and linearly polarized emission compared to QDs (Giblin and Kuno, 2010;  
Hu et al., 2001). 
The nonlinear optical properties of hetero-nanostructures have also been investigated and it 
has been observed that the core-shell kind of hetero-nanostructures have remarkably enhanced 
2PA and 3PA cross-section compared to the core-only QDs. Wang et al. observed a 200 % larger 
value of effective third-order susceptibility in CdSe/ZnS NCs compared to the corresponding 
CdSe cores (Wang et al., 2006). Gan et al reported an increase in the 2PA coefficient by 
overcoating ZnSe: Mn cores with shell of ZnSe, attributed to the local field of the surrounding 
medium (Gan et al., 2007). Enhancement in the 2PA cross-section as well as 3PA cross-section 
of ZnSe/ZnS NCs compared to ZnSe NCs have been observed by Lad and his co-workers, and 
they attributed it to the increase in exciton oscillator strength with decrease in size of the NC 
(Lad et al., 2007;  Lad et al., 2008). In the same year, Morello et al. reported that there is an 
intrinsic optical non-linearity in core/shell CdSe/CdS NCs and they attributed it to the intrinsic 
piezoelectric polarization, which was induced by both the high piezoelectric constants and the 
elastic strain due to the great lattice mismatch between core and shell (Morello et al., 2008). The 
studies on the effect of shell thickness on the two-photon absorption and refraction in CdSe/CdS 
core-shell NCs reveal that that the 2PA cross-section and the nonlinear refraction are enhanced 
dramatically with the CdS shell thickness till 3 monolayers, but decreased with the further shell 









They attributed the observed enhancement and the further reduction in the non-linear optical 
properties to the combined effects of surface states, local field, and intrinsic piezoelectric 
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low threshold lasers by two-photon absorption at 800 nm.(Xing et al., 2012) Large two-photon 




 GM at 800 nm was also observed in CdS-CdSe 
hetero- nanostructures.(Xing et al., 2012;  Allione et al., 2013). Very recently CdS-CdSe core-
shell nanostructures have been recognized as superior in vivo imaging agents compared to 
conventional QDs for bio-imaging in multi-photon microscopy.(Chen et al., 2013)  
In spite of the superior photoluminescence in CdS-CdSe hetero-nanostructures which in turn 
finds applications in multi-photon microscopy, the non-linear optical studies are limited to 800 
nm (1.55 eV). The spectral dependence of 2PA cross-section in NIR-I and NIR-II window 
remains unexplored. Also, the 2PA studies are limited to core-shell and dot-in rod structures of 
CdS-CdSe, the multi-photon absorption properties of CdS-CdSe segmented nanorods is still 
unknown. In summary, there are still many open questions regarding the non-linear absorption 
properties of semiconductor NCs when forming composites, more experimental works and 
analysis are required to predict their behavior when forming hetero-nanostructures. Here, we 
investigate the two-photon action cross-section of CdS-CdSe-CdS segmented nanorods by 
extending the range of excitation from 1.55 eV (800 nm) to 0.99 eV (1250 nm). Also, the 
possible mechanism for the enhanced nonlinearity in hetero-nanostructures is elucidated on the 
basis of Maxwell-Garnett theory. 
 
5.2. Materials and Methods 
 
Synthesis of the nanorods followed a method adopted from Korgel(Shieh et al., 2005). Stock 
solutions were first prepared. Cd precursor was prepared by adding 0.0342 g of Cadmium Oxide 
(CdO), 0.1290 g of 1-tetradecylphosphonic acid (TDPA) and 2.1000 g of trioctylphosphine oxide 
(TOPO) into a 3-necked round bottom flask. The reaction mixture was degassed at 65
o
C for 3 
hours and subsequently heated to 340
o
C under inert environment for 10 minutes. The S-TOP and 
Se-TOP stock solutions were prepared by dissolving 0.0064 g of S and 0.0158 g of Se separately 
in 1 mL tri-n-octylphosphine (TOP) and heating them to 120
o
C under inert environment until the 
solution become homogenous (~ 5 minutes). To obtain CdS-CdSe-CdS (1:1:1) nanorods, the Cd 
precursor mixture was first lowered to 260
o
C and 2 × 0.1 mL of Se-TOP were injected in 3-
minute intervals. After that, the temperature was raised to 300
o
C, followed by 4 × S-TOP 
injections of 0.1 mL 2 minutes apart. For the CdS-CdSe-CdS (2:1:2) nanorods, the procedure 
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was exactly the same except that 8 × S-TOP injections of 0.1 mL were performed. After the final 
injection, the reaction mixture was allowed to react for another 10 min before cooling to room 
temperature under inert atmosphere. The products were precipitated from the crude mixture 
using ethanol, centrifuged, and subsequently redispersed into hexane for further study. 
 
5.3. Results and Discussion 
 
5.3.1. Structural analysis 
 
The structure of CdS-CdSe-CdS segmented nanorods used in the present work is described as 
follows: CdSe segment of length nearly 2 nm and diameter 4.5 nm is sandwiched between two 
CdS segments of nearly the same diameter as shown in schematic (Figure 5.2(a)); the volume of 
a CdS segment is the same as that of the CdSe segment in the first sample (designated as Sample 
1-1-1) whereas it is double in the second sample (designated as Sample 2-1-2). The dimensions of 
CdSe segment were monitored by analyzing the samples collected before S-TOP injection. Size 
distribution of the segmented nanorods was analyzed using HRTEM, shown in Fig 5.2(b) and 5.2(c). The 
segmented nanorod structure is verified by comparing the d-spacing at different regions of the nanorod. 
The analysis was initially tested for longer nanorods (one example is shown in Fig 5.2 (e) – 
segmented nanorod of nearly 15 nm length and 5 nm diameter where the 3 different regions can 
be identified clearly). Different sizes of segmented nanorods were synthesized by controlling the 
quantity of S-TOP and Se-TOP, this method was standardized up to quantum confined range.   
The nanorods were found to be nearly mono-disperse with a diameter of 4.5 ± 0.5 nm in both 
samples. The total length of the segmented nanorods is determined to be 7 ± 1 nm for Sample 1-
1-1 (aspect ratio (AR) = 1.5) and 10 ± 1 nm for Sample 2-1-2 (AR = 2.4), respectively. Selected 
area diffraction pattern (SAED) of the nanorods (Figure 5.2.(d)) shows splitting of the diffraction 
peaks along the different lattice directions, confirming that the CdS/CdSe interface is formed 
without alloying(Ouyang et al., 2006). The band alignment of CdS-CdSe hetero-nanostructures 
is tunable from type I to quasi-type II, and is sensitive to the dimensions of CdSe.  The 
configuration of the segmented nanorods were chosen so that the dimension of CdSe segment is 
nearly the same (no change in band alignment or absorption cross-section of CdSe segment) 
whereas the influence of variation of dimension of CdS segment in determining the 2PA in NIR-

















Figure 5.2. (a) Schematic structure of the CdS-CdSe-CdS segmented nanorods.  (b) and 
(c) HRTEM images of the CdS-CdSe-CdS segmented nanorods for Sample 1-1-1 (b) and 
Sample 2-1-2 (c). Inset in (c): HRTEM image showing clearly lattice fringes of one rod. 
(d) SAED pattern of the CdS-CdSe-CdS reveals pairs of diffraction peaks along different 
lattice directions (marked in circles), indicating distinct lattices of CdS and CdSe inside 








5.3.2. Linear Optical Characterization 
 
One-photon absorption spectra of these nanorods recorded after dispersing it in toluene are 
shown in Figure 5.4(a). The lowest absorption peak observed at 2.08 eV (597 nm) for Sample 1-
1-1 and 2.04 eV (609 nm) for Sample 2-1-2 (identified using Gaussian best fit) are assigned as 
the first excitonic transition from the valence sub-bands of CdSe to the conduction sub-band of 
CdSe. Because of the higher volume content of CdS and its wider band gap, the absorption 
features at higher frequencies will be dominated by CdS. The absorption feature at 2.55 eV (486 
nm) is attributed to the excitonic transitions in the CdS segments in close proximity to the CdSe 
segment where the local potential experienced is different from that of pure CdS (in the free 
edges of CdS segments). This observation is consistent with results obtained from other kinds of 
hetero-nanostructures of CdS-CdSe such a dot-in-rod and core-shell structures (Wu et al., 2013   






• Region 1 d-spacing: 0.351nm 
– (002) plane of CdSe 
• Region 2 d-spacing: 0.336nm 
– (002) plane of CdS 
• Region 3 d-spacing: 0.339nm 
– (002) plane of CdS 
 Sandwich structure of 
CdSe between CdS 
 
Figure 5.2(e). The structure of segmented nanorods were determined by 
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Figure 5.3. (a) The band alignment diagram of CdS and CdSe showing the valence band and 
conduction band offset. The range in the values is a result of different e-h overlap in the 
system which varies with the size of CdS and CdSe. The offset decreases as size reduces, 
leading to negligible conduction band offset when the size of CdSe is less than 5 nm. (b) 
electronic delocalization in the conduction band of CdS-CdSe-CdS segmented nanorods (a 
result of negligible conduction band offset) and the localization of holes in CdSe segment 
resulting in reduction in e-h overlap in Sample 2-1-2 compared to sample 1-1-1. 
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The one-photon absorption induced PL in the segmented nanorods is shown in Figure 5.4(b) 
for different excitation wavelengths in the region from 2.1 eV to 3.55 eV (590 nm to 350 nm). 
The prominent emission peaks occur around 1.98 eV (625 nm) for Sample 2-1-2 and around 2.02 
eV (615 nm) for Sample 1-1-1 irrespective of the excitation wavelength. The peaks are close to 
the excitonic absorption wavelengths in CdSe and are attributed to band edge emission in CdSe. 
A red-shift is evident in the PL emission peak of Sample 1-1-1 compared to Sample 2-1-2, in 
spite of the fact that the length and diameter of CdSe segment is nearly the same. Such a red shift 
has been reported in the case of core-shell nanoparticles and is consistent with the effective mass 
calculations (Garc a-Santamar a et al., 2011). As shown in the band alignment diagram (Figure 
5.3(a)), the CdSe/CdS interface is characterized by a large valence-band offset that confines the 
hole wave function to the middle segment of the segmented nanorod  while the confinement 
potential in the conduction band is small. Together with the small electron effective mass, this 
leads to progressive delocalization of the electron wave function into the end segments of CdS 
with increasing length (Figure 5.3(b)). The resulting decrease in the degree of spatial 
confinement for the electron produces a red shift of the emission band with increasing length and 
results in the increased apparent Stokes shift between the photoluminescence (PL) and the 
spectral onset of absorption.  
Weak emission bands are also seen at 2.26 eV (550 nm) as well as near 3 eV (415 nm) (inset 
of Figure 5.4(b)). The 2.26 eV (550 nm) emission could be arising from either the band edge 
emission in CdS in close proximity to CdSe or trap states in CdS.(Wu et al., 2013) The emission 
at 3 eV (415 nm) is attributed to the band edge emission in CdS regions near the free edges of the 
segmented nanorods, in the wavelength region of the band edge emission from pure CdS 
nanorods.(Wu et al., 2013) The excitation wavelengths 3.5 - 2.5 eV (350-500 nm) are in the 
absorption range of CdS whereas 2.1 eV (590 nm) is in the absorption range of CdSe. Since the 
emission features are basically the same for all these wavelengths of excitation, it appears that 
the excitons generated in the CdS segments are transferred to CdSe and subsequently undergo 
























Figure 5.4. Optical properties of CdS-CdSe-CdS segmented nanorods. (a) UV-Visible 
absorption spectra of Sample 2-1-2 (top, red) and Sample 1-1-1 (bottom, black) (b) PL 
emission spectra showing emission peaks at 1.98 eV and 2.02 eV for Sample 2-1-2 and 
Sample 1-1-1 respectively at varying excitation energy. Insets show the enlarged view of the 

















However, some of the excitons generated in CdS can be trapped in the defect states in CdS and 
eventually undergo radiative or non-radiative recombination even though the energy landscape 
favors the charge transfer from CdS to CdSe. Therefore, once an electron-hole (e-h) pair is 
generated, depending on the electronic and morphological heterogeneity, the rate of relaxation 
through different routes may vary. The observed emission bands corresponding to CdS at 2.99 
eV and 2.26 eV (415 nm and 550 nm) are much weaker compared to the excitonic emission band 
in CdSe at 2.02 eV/1.98 eV (615 nm/625 nm), indicating efficient charge transfer in these 
systems.  
PL-Excitation (PLE) spectra (Figure 5.4(c)) were analyzed to provide a deeper insight on the 
different relaxation mechanisms in segmented nanorods. Since the emission in CdSe is a result of 
charge transfer from CdS to CdSe, the relative quantum yield (QY) gives information about the 
efficiency of charge transfer. Taking into consideration of the wavelength dependent absorbance,  
Figure 5.4. (c) PL excitation spectra (PLE) showing wavelength dependent emission 


























Figure 5.5. The relative measurement of quantum yield will give idea about the 
charge transfer from CdS to CdSe. Under the assumption that quantum yield is 100 % 
when excited at CdSe, the relative quantum yield at different excitation energy can be 
found  by dividing the PLE spectra with the UV-absorption spectra after normalizing 
at the excitonic absorption in CdSe. 
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the relative quantum yield was estimated to be 47 % and 43 % for Sample 1-1-1 and Sample 2-1-
2 respectively on excitation at 500 nm (CdS excitation) compared to that at the CdSe excitonic 
absorption wavelength (Figure 5.5). In Sample 1-1-1, 47 % of the excitons generated in CdS are 
able to reach the CdSe segment whereas nearly 43 % of the excitons reach CdSe in Sample 2-1-
2. The rest of the carriers undergo radiative or non-radiative recombination in CdS segments. 
This further indicates that charge transfer from CdS to CdSe is efficient in these systems even 
when the length of the CdS segment is doubled. Increasing the aspect ratio by doubling the 
segment length of CdS will obviously enhance the absorption cross-section at higher energies 
and the measured quantum yield supports the observation of efficient charge transfer from CdS 
to CdSe in segmented nanorods. The dependence of PLE on the excitation energy differs in both 
the samples, as observable in Figure 5.4(c), which can be understood to be due to the higher 
absorption cross-section at higher energies in Sample 2-1-2 compared to Sample 1-1-1, this in 
turn is a result of higher volume content of CdS in Sample 2-1-2. 
 
 
5.3.3. Two-photon Absorption and Two-photon Excited PL 
 
In view of the applications of CdS-CdSe hetero-nanostructures in bio-imaging, we have also 
investigated the non-linear absorption of these segmented nanorods using Z-scan and Multi-
photon absorption induced PL (MPA-PL) measurements.  Two-photon absorption (2PA) cross-
section of the segmented nanorods at 1.55 eV (800 nm) was determined using Z-scan technique. 
We have also investigated the two-photon action cross-section of the segmented nanorods in the 
range of excitation energies from 1.55 eV to 0.99 eV where the two-photon action cross-section 
(known as the brightness of the nanorod) is defined as the product of two-photon absorption 
cross-section and quantum yield.  
 
5.3.3.1. Z-scan Technique 
 In order to determine the three-photon absorption cross-sections, Open Aperture Z-scan 
experiment were employed. The laser pulses with tunable wavelength (300-1600 nm, 150 fs, 1 

























Figure 5.6. Open-Aperture Z- Scan curves obtained from CdS-CdSe-CdS segmented 
nanorods at 800 nm for different excitation irradiances a) Sample 2-1-2 dispersed in 
toluene with a concentration of 0.5 x 10
15
 nanorods per cm
3
 and b) Sample 1-1-1 
dispersed in toluene with a concentration of 1 x 10
15
 nanorods per cm
3
. The symbols 
denote the experimental data whereas the solid lines are the Z-scan theoretical fits. 
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amplifier (COHERENT, Vitesse) pumped OPA (TOPAS). The 1-kHz repetition rate eliminates 
or minimizes the thermal contribution to the measured 2PA coefficient. The laser pulses were 
divided into two parts by a beam splitter and the reflected part was taken as the reference. The 
transmitted laser pulses were focused into the sample to a minimum beam waist of nearly 25 µm 
by means of a 10-cm focal length lens. The sample was moved along the beam propagation axis 
(z axis) with a motor controlled translation stage in the vicinity of the focal point. The reflected 
and transmitted laser powers were monitored as a function of sample position with Laser probe 
RKP-465 photodiode. The solutions of Sample 1-1-1 or Sample 2-1-2 were contained in 1 cm-
thick quartz cells for the Z-scans. Following z-scan theory, assuming a spatially and temporally 









                                          (5.1)   
where 
0 0 effq I L ; 
2 2
0 00 0/ (1 / )I I z z   
is the excitation intensity at position z ; 00I is the on 
axis peak intensity at the focal point; 2
0 0 /z   ;  0 01 exp( ) /effL L     is the effective 
sample length for 2PA; L is the sample length and 0 is the linear absorption coefficient. If 

















                                                 (5.2) 
 If the higher order terms are ignored, we get  
3/2
01 / 2OA effT I L                                                        (5.3) 
Figure 5.6(a) and 5.6(b) show the open-aperture Z–scans in CdS-CdSe-CdS segmented 
nanorods for different values of excitation irradiance, which is defined as the peak, on-axis 
irradiance at the focal point (z=0) within the sample. The z-scan experimental analysis is based 
on the assumption that L<<n0z0.(Sheik-Bahae et al., 1990)  The nanorods were dissolved in 
octane with a concentration of 10
15
 nanorods per cm
3





 for Sample 2-1-2. In our case, L/n0z0~ 1.6 and hence the medium can be considered to be 
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thin approximately and the measured 2PA coefficient is rather approximate. An analytical 
method was employed to find out the 2PA coefficients of the segmented nanorods.(He et al., 
2005) The 2PA coefficient is found to be 2.4 x 10
4
 GM for Sample 1-1-1 and 4.8 x 10
4
 GM for 
Sample 2-1-2 at 1.55 eV (800 nm). This is comparable to the other reported hetero 
nanostructures of CdS-CdSe of similar volume.(Allione et al., 2013) 
 
5.3.3.2. Multi-photon-absorption induced PL studies 
 
The two-photon absorption induced PL emission from CdS-CdSe-CdS segmented nanorods 
was studied in the range from 1.55 eV to 0.99 eV (800 nm to 1250 nm). The incident laser pulses 
from the OPA (800-1300 nm, 150 fs, 1 kHz) were focused by a 10-cm focal length lens onto a 1-
cm-thick quartz cell containing the solution of Sample 1-1-1 or 2-1-2. The laser beam was 
focused into the solution by means of a lens of focal length of 10 cm and the beam spot size at 
the focal plane was 26-28 μm. The multi-photon-excited PL signal was collected in the 
perpendicular direction of the incident light using a collection system of two 10-cm focal length 
lenses; and then coupled into a spectrometer (Avaspec- 2048-SPU, Resolution 0.5 nm). As a 
calibration, a standard sample, Rhodamine 6G which shows quadratic dependence to excitation 
fluence at 800 nm, was employed in the same experimental set-up. An excitation fluence of 0.14 
J/cm
2
 was used for the two-photon action cross-section measurements. 
The two-photon-excited PL strength 2F  can be found by integrating 2f  given by 
2
2 2 2 rf ds dz I       , over the entire laser focused volume and time where 2  is the PL 
quantum yield,   is the fluorescence collection efficiency of the experimental set-up, 2  is the 
two-photon absorption cross-section,  is the sample concentration, .ds dz  is the small volume of 
the focused laser beam considered, and rI  is the nearly-constant laser intensity at this small 
volume.(Xing et al., 2008) By assuming Gaussian functions for the temporal and spatial profiles 
of input laser pulses, the total-collected PL signal is given by 
5/2
2 2




     where 
is the half width of the Gaussian laser pulse, 00I is the peak intensity on the beam propagation 
axis, 0 is the beam waist and 0z is the diffraction length. We used Rhodamine 6G molecules in 
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methanol (0.1 mM) to calibrate our measurements. Two-photon absorption cross-section of 







) at 800 nm.(Makarov et al., 2008)
 
Then, the two-photon action cross-section of the 
nanorods can be obtained from the ratio of the measured PL from Rhodamine 6G to the nanorods 
(
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) where  2 2 Rh  is known and 2( )RhF , the PL intensity is measured at 
800 nm. The action cross-section is determined to be 5.2 x 10
3
 GM for Sample 1-1-1 and 9.5 x 
10
3
 GM for Sample 2-1-2. This in turn indicates that the quantum yield of Sample 1-1-1 and 
Sample 2-1-2 are nearly 21.7 % and 20 % respectively. Thus, the quantum yield does not seem to 
change much on altering the relative volumes of CdS and CdSe segments. 
Figure 5.7 depicts the measured spectral dependence of two-photon action cross-sections for 
CdS-CdSe-CdS segmented nanorods in the wavelength region from 800 nm to 1300 nm. The 
two-photon action cross-section appears to be larger for Sample 2-1-2 than for Sample1-1-1 for 
all the wavelengths including NIR-II window. Since the volume content of CdS for Sample 2-1-2 
is higher compared to Sample 1-1-1, the larger two-photon action cross-section at 800 nm (the 
wavelength region of maximum two-photon absorption for CdS) is expected. However, the large 
increase in the action cross-section for Sample 2-1-2 (compared to Sample 1-1-1) in the low 
frequency region 1050-1100 nm (NIR-II), is quite interesting. This is because CdSe is expected 
to contribute towards two-photon absorption in this wavelength range (1.1 eV) and the volume of 
CdSe remains the same in both the samples. This implies that the volume of CdS also matters in 
these nanocomposites in determining the two-photon absorption. In the following, we attempt to 
use Maxwell Garnett theory, which has been widely used to explain and predict the optical non-
linearity in composite materials (Gehr and Boyd, 1996;  Huang and Yu, 2006), to account for the 
observations.  
According to this theory, a composite can be viewed as a homogenous medium with effective 
optical parameters, such as effective dielectric constant or effective linear and non-linear 
susceptibilities, which are related to the optical parameters of the individual constituents. Here a 
composite is defined as any material made up of two or more different constituents with size or 
dimensions much less than the optical wavelength. Maxwell Garnett theory was originally 
proposed for predicting/explaining the enhancement in the non-linear susceptibility of 
semiconductor inclusions in glass. As stated by the theory, the electric field driving the 
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polarization in the inclusion particle, defined as the local field, depends not only on the applied 
field, but also on the polarization of the surrounding medium(Gehr and Boyd, 1996). Because of 
this redistribution of the electric field in composites, the optical constants are not just the 
weighted averages of the optical constants of constituents. The significance of local field is quite 
large in the calculation of third order susceptibility since it depends on the fourth power of the 






Recently, Maxell Garnett theory was extended for explaining the one-photon absorption in 
core-shell kind of hetero-nanostructures.(De Geyter and Hens, 2010;  Neeves and Birnboim, 
1989) The local field factor in the core of a core-shell nanoparticle depends on the ratio of the 
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Figure 5.7. Two-photon action cross-section estimated for CdS-CdSe-CdS 
segmented nanorods in the range of incident photon energy 0.95 eV to 1.55 eV. 
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     . This is a result of the change in 
effective dielectric constant, and not due to quantum confinement effect. This implies that 
addition of shell can alter significantly the optical constants of the core material. Applying this 
theory to the segmented nanorod structure, it can be expected that the local field experienced in 
CdSe depends also on the volume of CdS present in the segmented nanorod structure. The 
volume ratio of CdS to CdSe is nearly 0.8 in Sample 2-1-2 whereas that in Sample 1-1-1 is 
0.667. So, the local field experienced in CdSe can be modified significantly by the amount of 
CdS. This change in local field can effectively alter the third order susceptibility and hence, two-
photon absorption coefficient. The segmented nanorods used in the present work are dispersed in 
toluene, a linear medium in the wavelength of interest. In this case, the third order susceptibility 
depends on the fourth power of the local field factor.  The ratio of fourth power of local field in 
Sample 2-1-2 to that in Sample 1-1-1 was calculated to be 1.15, indicates an enhancement of 
1.15 in the NIR-II region.  The measured enhancement factor from the experimental results is 
found to be nearly two, in close agreement with the theoretical prediction. This enhancement can 
be therefore understood to be due to the modification of the electric field distribution in CdSe in 
the presence of CdS.  
A few factors other than the local field effect could also influence the enhancement in the non-
linear absorption coefficient of CdS-CdSe. The segmented nanorods have Wurtzite structure, 
which has an intrinsic dipole moment and polarization along the c crystallographic axis, resulting 
from the deviation from the ideal wurtzite structure, quite unavoidable in real wurtzite structures. 
This intrinsic dipole moment is known to scale linearly with volume (Li and Alivisatos, 2003), 
which would affect the enhancement factor. Also, the radiative surface states can trap holes, with 
the electron still being delocalized as a result of reduced effective mass leading to a reduced 
electron-hole overlap and a permanent dipole moment.(Wang, 1991) The intrinsic dipole 
moment as well as the photo-induced dipole moment due to surface states will be larger in 
Sample 2-1-2, than in Sample 1-1-1, thereby explaining the enhanced nonlinearity. Our studies 
indicate that the nature of nonlinearity in hetero-nanostructures can be engineered by varying 
factors such as volume of the constituent materials, and the effective dielectric constant, thus 






A novel design of hetero-nanostructure of segmented nanorod is proposed, which offers an 
advantage of the possibility of varying the relative volumes of the individual segments, thereby 
providing a control over the absorption cross-section over a wide range of wavelengths. On 
increasing the aspect ratio of the nanorod, keeping CdSe segment of similar length, the one-
photon UV- Visible absorption as well as photoluminescence emission shows a red-shift in the 
excitonic absorption/emission suggesting possibility of control over the e-h overlap by 
controlling the segment length. The charge transfer from CdS to CdSe is found to be efficient in 
these segmented nanorods (47 % in Sample 1-1-1 and 43 % in Sample 2-1-2). The two-photon 
absorption studies using Z-Scan measurements and MPA-PL studies indicate that local field 
effects in the individual components of  a hetero-nanostructure can play a significant role in their 
nonlinear optical response, thus offering a platform for the design of optoelectronic devices 
















CARRIER DYNAMICS IN  
CdS-CdSe-CdS SEGMENTED NANORODS 
 
The dominant mechanism responsible for the superior photoluminescence of CdS-CdSe hetero-
nanostructures is the efficient charge transfer from CdS to CdSe and subsequent recombination 
in CdSe. In this chapter, we investigate the dynamical properties of photo excited carriers, 
particularly the charge transfer, in CdS-CdSe-CdS segmented nanorods using femtosecond 
transient pump-probe spectroscopy. Intensity-dependent charge transfer dynamics in segmented 
nanorods indicates that the rate of charge transfer is influenced by the number of electron-hole 
pairs generated in the nanorod. We attribute this change in the rate constant to Auger 
Recombination assisted charge transfer, which becomes the predominant relaxation mechanism 
at high intensities. Possible relaxation mechanisms in CdS segments, other than charge transfer 




Semiconductor hetero-nanostructures have many fascinating properties compared to single 
component NCs such as high photoluminescence (PL) quantum yields with spectrally narrow 
and symmetric emission, suppressed Auger recombination and significantly suppressed blinking 
and photo bleaching. Their superior electronic and optical properties make them suitable for a 
wide range of applications such as lasing, light-emitting, and photovoltaic devices (Chen et al., 
2013   Garc a-Santamar a et al., 2011;  Grivas et al., 2013   Garc a-Santamar a et al., 2009;  
Htoon et al., 2010;  Talapin et al., 2007). Among the different kinds of heterojunction 
nanomaterials studied so far, such as CdTe/CdS (Dai et al., 2012), CdSe/ZnS (Lee et al., 2013), 
ZnSe/CdSe (Zhong et al., 2005), CdS/ZnSe (Ivanov et al., 2007), CdS/CdSe core-shell 
nanostructures (Pal et al., 2011;  Chen et al., 2013), dot-in-rod nanostructures (Wen et al., 2012;  
Rainò et al., 2011), tetrapods (Lutich et al., 2010), octapods (Scotognella et al., 2011;  Zhang et 
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al., 2013) and dot-in-plate (Cassette et al., 2012), CdS/CdSe hetero-nanostructures have been 
demonstrated to be more exciting and promising systems because of a) their relatively low lattice 
mismatch leading to a lower defect density and thus high PL quantum yield up to 97 % (Chen et 
al., 2013); (2) longer biexciton lifetimes up to nanoseconds; (3) higher biexciton quantum yield 
up to 40-50 % (Garc a-Santamar a et al., 2011); and (4) band alignment that is tunable from type 
I to quasi-type II depending on parameters such as core size, rod size, interfacial strain etc.(Sitt et 
al., 2009). In the previous chapter, we propose that the design of CdS-CdSe-CdS segmented 
nanorods allow independent tuning of one-photon and two-photon absorption cross-section over 
a wide range of wavelengths, by varying the relative volume of CdS and CdSe. However, a deep 
understanding on their response to optical excitation on sub-picosecond time scale is necessary 
to realize the full potential of these nanostructures on different applications. 
 Optical excitation of a semiconductor with photons of energy higher than the band gap leads 
to the generation of non-equilibrium carrier densities (Prasankumar et al., 2009). The optically 
excited carriers undergo spatial and temporal evolution to reach thermal equilibrium with the 
lattice with a characteristic time which depends on  different relaxation mechanisms (Othonos, 
1998). In CdS-CdSe hetero-nanostructures, charge transfer from CdS to CdSe was reported to be 
a prominent relaxation mechanism of the optically excited carriers in CdS-CdSe hetero-
nanostructures (Schill et al., 2006;  Lupo et al., 2009). A recent report indicates that Coulombic 
interaction between the electrons and holes in CdS-CdSe tetrapods leads to coupled electron-hole 
transfer (Mauser et al., 2010). Using a transient pump-probe spectroscopic technique, Wu et. al 
demonstrated that the localization of holes in CdS-CdSe dot-in-rod nanostructures leads to the 
formation of three spatially separated long lived exciton states (Wu et al., 2013). Understanding 
the photo-excited carrier dynamics in CdS-CdSe hetero-nanostructures is the key for the 
utilization of these hetero-nanostructures in technological applications, since the switching speed 
and efficiency of nanoscale devices based on hetero-nanostructures could be influenced by the 
rate of charge transfer of optically excited carriers.  In this work, we investigate the charge 
transfer dynamics from CdS to CdSe in CdS-CdSe-CdS segmented nanorods using femtosecond 
transient pump-probe spectroscopy.  
While carrier dynamics has been explored in these hetero-nanostructures at low intensity, only 
a few reports are available on the intensity dependence of the charge transfer in these systems 
(Lupo et al., 2008;  Schill et al., 2006). Increasing the pump intensity generates more carriers,  
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and they are spatially confined within the dimensions of nanorods, leading to increased carrier-
carrier interactions, such as Auger Recombination in nanomaterials (Klimov et al., 2000). The 
rate of Auger recombination is significantly high in nanomaterials compared to bulk as a result 
of relaxation in translational momentum conservation in nanomaterials. This non-radiative 
relaxation becomes dominant with increase in excitation intensity and can in turn affect the 
relaxation of carriers in nanomaterials. Achermann et al. reported that the intraband relaxation in 
CdSe nanorods gets delayed at high intensities as a result of Auger Recombination.(Achermann 
et al., 2006). Although semiconductor hetero-nanostructures have been reported with reduced 
Auger recombination rates compared to single component NCs, Santamaria et al. proposed that 
in addition to volume, other factors such as e-h spatial separation as well as the smoothness of 
the interfacial potential can affect the Auger recombination rate in these hetero-nanostructures 
(Garc a-Santamar a et al., 2009). Auger recombination rate is highly sensitive to size as well as 
the shape of the NC (Htoon et al., 2003;  Klimov et al., 2000) and hence the rate may vary with 
different kind of hetero-nanostructures even though the component semiconductors are same. 
Besides these factors, the steepness of the interfacial potential can also affects the Auger 
recombination rate in these hetero-nanostructures (Bae et al., 2013).  
Auger recombination rates in CdS/CdSe core-shell and dot-in-rod structures have already 
been reported. However, the Auger recombination rate in the segmented nanorods of CdS-CdSe 
is still unexplored.  Also, the high PL quantum yield in CdS-CdSe hetero-nanostructures is a 
result of efficient charge transfer from CdS to CdSe. The probability of Auger recombination in 
CdS segments, before charge transfer to CdSe, can significantly affect the luminescence 
efficiency of these hetero-nanostructures at high intensities. This knowledge, in turn,  is required 
for the use of these hetero-nanostructures in applications such as multi-photon microscopy where 
high intensity excitation is required. Here we focus on charge transfer rate from CdS to CdSe in 
the two excitation regimes in CdS-CdSe-CdS segmented nanorods: (1) <N> << 1 and (2) <N> 
>>1 where <N> is defined as the average number of photo-excited electron-hole pairs per 
segmented nanorod. In section 2, we first present the carrier dynamics in nanomaterials. In 






6.2. Carrier dynamics in nanomaterials 
 
In a semiconductor, under equilibrium conditions, free electrons and holes follow Fermi-Dirac 
distribution whereas phonons characterizing lattice vibrations can be described by Bose- Einstein 
statistics (Othonos et al. 1998). In the absence of an external force, interchange of energy and 
momentum through carrier-carrier and carrier-phonon scattering keep the three distributions 
under common temperature. When electromagnetic radiation is absorbed by a semiconductor, the 
equilibrium is disturbed. Initially the excitation by a monochromatized and polarized radiation 
produces distribution of electrons and holes that are narrow in energy with specific momentum 
states and elevated carrier temperatures. As the system evolves towards equilibrium, momentum 
relaxation and energy relaxation happens. Momentum relaxation occurs within tens of 
femtosecond time scale through elastic and inelastic scattering (Othonos et al. 1998). Within a 
time scale of hundred femtoseconds, Coulomb thermalization happens as a result of carrier-
carrier scaterring of electrons (holes) and hence the electron and holes can then be described by 
Fermi-Dirac distribution with temperature eT ( hT ). Further, the electron-hole scattering 
eventually brings the two distributions into thermal equilibrium. As time evolves, the hot carriers 
will attempt to reach in thermal equilibrium with the lattice relax to the band edge by different 
scattering mechanisms, with the most efficient mechanism being the interaction with phonons. 
   In semiconductor nanomaterials, quantum confinement leads to electronic quantization with 
the level spacing increasing with decrease in size. When the spacing between the low lying 
energy levels increases beyond typical phonon energies, the electron relaxation processes may 
get considerably modified. As the electron cascades from one level to the other, the transition 
between the energy levels requires a simultaneous emission of multiple phonons. Such a process 
is improbable and slows down the electronic relaxation leading to the phenomenon known as 
“phonon bottle neck”. The slow cooling of energetic electrons at low light intensities in 
quantized structures was first predicted by Boudreaux, Williams, and Nozik (Boudreaux et al., 
1980). Later Bockelmann et al. and Benisty et al. proposed more complete theoretical models for 
slowed cooling in QDs (Bockelmann and Bastard, 1990;  Bockelmann and Egeler, 1992;  
Benisty et al., 1991;  Benisty, 1995).  However, the observed electronic relaxation in 
nanoparticles is observed to be very fast of the order of sub-picosecond to picosecond time scale, 
thus indicating other relaxation mechanisms. 
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    The electron-hole Coulomb interaction is stronger in nanoparticles compared to bulk 
materials. Also, the higher effective mass of the holes and the degeneracy of valence band results 
in hole level spacing an order of magnitude smaller than that of electrons. Efros et al. proposed 
that the fast relaxation in nanomaterials can be a result of Auger processes, where the excited 
electron couples with the hole and gives its energy, while relaxing to a lower energy state (Efros 
et al., 1995). The hole, which absorbs the energy from electron through the Coulomb interaction, 
relaxes very rapidly through its dense spectrum of states, as shown in Figure 6.1, breaking the 
“phonon bottleneck” (Efros et al., 1995;  Klimov et al., 2000;  Nozik et al., 2010). At high laser 
intensities, excitation can lead to the formation of more than one electron-hole pairs. Carrier- 
carrier interactions are greatly enhanced in nanomaterials resulting in Auger Recombination as 
shown in Figure 6.2 (Efros et al., 1995;  Klimov et al., 2000). In this non-radiative 
recombination mechanism, the electron – hole recombination energy is not emitted as a photon, 
instead it is transferred to a third particle (either an electron or a hole), exciting them to higher 
energy states. Although the total energy of the e-h pair does not change, Auger recombination 
leads to an increase in the average energy of e-h pairs, thereby resulting in the heating of the 
electronic system. Because of the restrictions owing to energy and momentum conservation, 
Auger recombination is relatively inefficient in bulk semiconductors. However, Auger decay is 
greatly enhanced in nanoparticles on account of the “forced” overlap of carrier wavefunctions (a 
consequence of quantum confinement effect) as well as the relaxation in momentum 
conservation (a consequence of the breakdown in translation symmetry). In addition to Auger 
processes, other mechanisms can also break the phonon bottleneck which include electron-hole 
scattering, (Vurgaftman and Singh, 1994), deep level trapping (Sercel, 1995) and acoustical-
optical phonon interactions (Inoshita and Sakaki, 1992;  Inoshita and Sakaki, 1997).  
Auger recombination in semiconductor nanocrystals is found to be strongly dependent on 
their size (Klimov et al., 2000). The effect of nanocrystal shape on the rate of Auger 
Recombination has been investigated by Htoon and co-workers and they reported a linear scaling 
of the Auger decay time with the rod volume (Htoon et al., 2003). As the size changes from 
zero- dimensional QD to one-dimensional nanowire, there is a probability for reduction in the 
efficiency of Auger processes due to the restoration of momentum conservation along the length 






























conservation is simplified as a result of the simultaneous transition from a discrete to a quasi-
continuous density of energy states (Htoon et al., 2003). In their studies in CdSe nanorods and 
CdSe QDs, Htoon and his co-workers observed that Auger recombination is more efficient in 









T1< T2 Eg 
(b) 
Figure 6.1. Schematic representation of two types of Auger effects in semiconductor 
nanocrystals. (a) Auger type e-h energy transfer does not change the average energy per 
e-h pair (b) Auger recombination results in an increase in the total energy of carriers in 
a nanocrystal by  and therefore, heats the electronic system. 
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decay rate when the aspect ratio is greater than eight. Since the emission wavelength from 
nanorods primarily depends on its diameter rather than its length, and the Auger decay rate scales 
linearly with volume, one can tailor the dimensions of the rod so as to achieve effective 
suppression in the Auger decay rates at a particular emission wavelength, thereby leading to 
increased optical gain life time.  
 
 
6.3. Experimental details 
 
We utilized the technique of transient pump-probe spectroscopy which is capable of tracking 
the early stages of relaxation of optically excited carriers within ultra-short time scale (~100 fs). 
The experimental set-up was similar to the standard one (Figure 2. 3). The laser pulses with 
tunable wavelength (300-1600 nm, 150 fs, 1 kHz) were produced by a mode-locked Ti: Sapphire 
laser seeded Ti: Sapphire regenerative amplifier (COHERENT, Vitesse) pumped OPA (TOPAS). 
For non-degenerate pump-probe experiments, the signal beam at 800 nm and the output from the 
OPA were spatially and temporally overlapped in a BBO crystal for sum frequency generation 
and an appropriate filter was used at the output. The laser pulse width of 150 fs allows us to 
detect the signals corresponding to charge transfer which happens within some picoseconds after 
photo-excitation. In this experiment, the pump beam excites charge carriers into a non-
equilibrium state. The carrier dynamics can be understood by observing the pump induced 
change in the transmission of the weak probe pulse as a function of time delay between the two 
pulses. Without pump excitation, the probe measures the linear transmission of the sample at that 





  is measured 
where T is the probe transmission in the presence of the pump pulse and 0T is the probe 
transmission without the pump pulse. Here, the pump and probe pulses were orthogonally 
polarized with the incident angle between both the beams less than three degrees. The ratio of 
energy between the pump and the probe pulses were less than 5 %.  The measured signal is 





6.4. Results and discussion 
 
The pump excitation was kept at 2.5 eV, so as to excite electron-hole pairs in CdS segments. 
Excitation can happen in both the CdS and CdSe segments of the nanorod at this wavelength, but 
the absorption is dominated by CdS, because of its higher volume content compared to CdSe. 
Thus, the excitation at 2.5 eV predominantly creates excitons in CdS. The pump intensity is 
varied so that the average number of excitons generated per nanorod, denoted by <N>, changes 
from 0.3 to 2.3.  When <N> is much less than unity, the contribution of multiexcitons to the 
signal can be reduced. The probe energy was initially fixed at 2.5 eV to understand the dynamics 
in CdS and later changed to 2.02 eV (in the case of Sample 1-1-1) or 1.98 eV (in the case of 
Sample 2-1-2) to investigate the charge transfer dynamics. Pump absorption resulting in state 
filling leads to an increase in transmission of the probe pulse, referred to as the photo bleaching 
and the change in absorption is proportional to the population of the state by electrons and holes 
(Mauser et al., 2010;  Klimov, 2000).  The time evolution of bleaching within the first few 
picoseconds, after excitation at 2.5 eV and probing at 2.5 eV and 2.02 eV/1.98 eV is shown in 
Figure 6. 2.  Monitoring the time evolution of the probe at 2.02 eV/1.98 eV after pumping at 2.5 
eV can provide information about the time taken by the charge carriers to relax from the CdS 

































Figure 6.2.(a). Transient differential transmission signal from CdS-CdSe-CdS 
segmented nanorods with pump at 2.5 eV (corresponding to the excitonic state 
of CdS) for Sample 2-1-2. Rise and decay of the charge-carrier populations can 
be inferred by monitoring the bleaching of the probe signal at 2.5 eV 
corresponding to CdS states (black, open circles) and at 1.98 eV corresponding 











The bleaching observed at the probe energy of 2.5 eV is almost instantaneous with a 
formation time of nearly 700 fs, which is attributed to carrier thermalization processes in CdS 
(Mauser et al., 2010). This is followed by a fast decay of the probe signal, indicating a decrease 
in population in the valence band states of CdS.   Figure 6.2 also shows the rise of the probe 
signal at 2.02 eV/1.98 eV. The maximum photo bleaching for this signal does not occur 
instantaneously, but with a time delay of nearly 2 ps. It appears that the rising part of the 
transient has two components, a fast and a slow component, as observed previously in CdS-CdSe 
core-shell structures (Schill et al., 2006). The fast component is attributed to the intraband 
Figure 6.2.(b). Transient differential transmission signal from CdS-CdSe-CdS 
segmented nanorods with pump at 2.5 eV (corresponding to the excitonic state of CdS) 
for Sample 1-1-1. Rise and decay of the charge-carrier populations can be inferred by 
monitoring the bleaching of the probe signal at 2.5 eV corresponding to CdS states (black, 
open circles) and at 2.02 eV corresponding to CdSe states (red, filled circles). 
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relaxation in CdSe. Figure 6.2 also indicates that the rise of the slow component is in accordance 
with the decay of the probe signal at 2.5 eV. The photo bleaching at 2.02 eV/1.98 eV is a result 
of an increase in population at the CdSe valence band states.  Hence, the decay at 2.5 eV and the 
rise of the slow component at 2.02 eV/1.98 eV can be understood as occurring due to the transfer 
of holes from CdS to CdSe segment. This is possible since the potential is lower in CdSe and the 
band offset acts as a driving force for holes to migrate to the CdSe segment. The electrons 
subsequently get localized near the CdSe segment because of Coulombic attraction leading to the 
formation of excitons. These excitons in CdSe recombine radiatively to give rise to PL, which 
explains the observed emission in these CdS-CdSe-CdS segmented nanorods.  
The optically excited e-h pairs generated in the CdS segments can eventually decay through a 
few different pathways of which charge transfer seems to be one of the energetically favored 
channels. The CdS bleaching (as seen in the decay of the probe signal at 2.5 eV) extends to long 
time scales up to nanoseconds indicating that there are other possible relaxation mechanisms in 
CdS. This decay (shown in Figure 6.3(a) and Figure 6.3(b) can be fitted with a double 
exponential function with time constants of nearly 15 ps and 400 ps for Sample 2-1-2 and 13 ps 
and 725 ps for Sample 1-1-1. These different time constants can be understood as follows: some 
of the generated holes may get trapped in the defect centers in the CdS segments resulting in 
non-radiative decay which corresponds to the observed time constant of the order of 10-20 
picoseconds. The holes which get trapped in the surface states may drag the electrons towards 
them because of the heavier hole mass and Coulomb attraction, resulting in the formation of 
excitons in CdS. This leads to a radiative decay which explains the observed time constant of the 
order of hundreds of picoseconds. The non-radiative and radiative decay processes in CdS occur 
































Figure 6.3. Transient differential transmission signal from CdS-CdSe-CdS segmented 
nanorods with pump and probe at 2.5 eV corresponding to the excitonic state of CdS, in 
a 2-ns window for Sample 2-1-2 in (a) and for Sample 1-1-1 in (b). The decay has two 
components corresponding to the non-radiative and radiative transitions in CdS. 
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An increase in the intensity of excitation leads to an increase in carrier density, resulting in the 
generation of more than one e-h pair in a nanorod. The energy relaxation mechanisms in 
nanomaterials are found to be significantly different from that of bulk materials. Enhanced 
carrier-carrier interaction also leads to annihilation of excitons by Auger recombination, which is 
found to be a predominant non-radiative relaxation mechanism in nanocrystals. Even though 
Auger Recombination does not change the total energy of the e-h pair, it increases the average e-
h energy and thereby it leads to heating of the electronic system which in turn may slow down 
the relaxation of carriers. Achermann and his co-workers have reported that the intraband 
relaxation in CdSe nanorods gets delayed (reduction in the energy loss rate by more than one 
order magnitude) at high intensities of excitation when Auger recombination is present 
(Achermann et al., 2006). In this regime, the carrier temperature is determined by the balance 
between the energy outflow from the system through interactions with phonons and energy 
inflow into the system by Auger recombination. Their study indicates that the carrier temperature 
can be significantly different under different excitation intensities even within a time scale of the 
order of 1 picosecond. Hence the probability of Auger recombination to affect the charge transfer 
dynamics in CdS-CdSe hetero-nanostructures is much high. Before proceeding to the effect of 
Auger Recombination on charge transfer, we quantitatively studied the Auger Recombination in 
CdS-CdSe-CdS segmented nanorods.  
Auger decay of multiexcitons in CdS-CdSe-CdS segmented nanorods was found out by 
adopting the technique suggested by Klimov (Klimov et al., 2000). In the range of few e-h pairs 
per nanoparticle, the recombination occurs as a sequence of quantized steps from N to N-1, N-2, 
N-3…. and finally to 1e-h pair as shown in Figure 6. 4. At low pump intensities (<N>  <<1), the 
relaxation of carriers is dominated by the decay of singly excited nanoparticles. Increasing 
pump-intensity leads to the consecutive “turn on” of the decay of 2-, 3-, e-h pairs in the system. 
A subtractive procedure is used to extract the dynamics of the multi-excitons from single 
excitons. At long times after photoexcitation, independent of the initial carrier density, the decay 
is governed by singly excited quantum dots. Hence the time transients were normalized so that 
the decay values match at long time scales. The biexciton dynamics were extracted by 
subtracting the low pump intensity trace (<N> <<1 from the time transient obtained when 1< 
<N> <2. Similarly, the triexciton dynamics is extracted by subtracting 1< <N> <2 from 2< <N> 
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<3. Figure 6.5 shows the transients recorded for different <N> for Sample 1-1-1 and Sample 2-1-
















In order to investigate the effect of Auger recombination on charge transfer, we studied the 
charge transfer dynamics as a function of <N>, which was varied by monitoring the pump 
intensity. The slow component in the rise time of the probe signal at 2.02 eV/1.98 eV 
corresponds to the hole localization time in CdSe. The rate of charge transfer can be found by an 
exponential fit to the slow component of the rising part of the transient from the point of 
inflection. Figure 6.6 shows the rising transient at 2.02 eV/1.98 eV with different <N>. In the 
case of CdS-CdSe-CdS segmented nanorods, the bleaching reaches a maximum within 2 
picoseconds after photoexcitation, this is consistent with the previous results in CdS-CdSe 
tetrapods. The time constant for charge transfer is observed to be ~`476 fs for Sample 2-1-2 and 
~450 fs for Sample 1-1-1, when <N> <<1. With nearly same dimensions of CdSe segment in 
both the samples, the valence band offset depends only on dimensions of the CdS segment. The 
small time constant in Sample 1-1-1, compared to that in Sample 2-1-2, can be understood to be 
due to the higher valence band offset between CdS and CdSe in the former, as a consequence of 
































Figure 6.5.  Intensity dependent decay observed in Sample 2-1-2 and Sample 
1-1-1 with pump and probe at 2.5 eV. The biexciton life time was found out 
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107 ps 
   
Biexciton life time 107 ps 
  




   




time constant was plotted with <N> in Figure 6.7, which indicates that there is an increase in 
time constant or a decrease in the rate of charge transfer with increasing <N>.  The increase in 
time constant is quite drastic when <N> approaches a value 2. This can be understood by 
correlating with the possibility of Auger recombination when <N> is greater than unity. 
Auger heating is known to delay intra-band relaxation process in CdSe nanorods where the 
biexciton life time is nearly 100 ps (Achermann et al., 2006). The biexciton life time in our 
segmented nanorods were also found to be of the same order (Table 1). The possible mechanism 
by which charge transfer could be influenced by Auger recombination is explained in the 
schematic shown in Figure 6.8. The holes generated on optical excitation in CdS have a tendency 
to be transferred to CdSe. However, Auger recombination became a dominant non-radiative 
relaxation channel, when the number of excitons generated per nanorod is greater than 1. In this 
relaxation mechanism, one e-h pair can recombine and give the energy to another electron or 
hole (process “i” in Figure 6.8), exciting them to higher energy states. The excited electron can 
transfer the energy to the hole by e-h Coulombic interaction which is stronger in small nanoscale 
structures (Klimov et al., 2000). As a result, holes get excited to higher levels within valence  
Table 6.1. Biexciton and triexciton life time extracted for 
























Figure 6.6. Transient differential transmission signal from CdS-CdSe-CdS 
segmented nanorods with pump at 2.5 eV corresponding to the excitonic state of 
CdS and with the probe signal at 1.98/2.02 eV (Sample 2-1-2/Sample 1-1-1) 
corresponding to CdSe states with different levels of excitation for Sample 2-1-2 in 
(a) and for Sample 1-1-1 in (b). The second component in the rising part of the 
































Figure 6. 7. (a) Charge transfer time τ extracted from the exponential fit in Figure 6.6 is 
plotted with varying <N> for CdS-CdSe-CdS segmented nanorods. (b) A change in the 
decay (with pump and probe at 2.5 eV) is observable in the initial time scale of ~ 1 
picoseconds after photo-excitation at large <N> when Auger recombination is present, 
supporting our proposal that the charge transfer is influenced by Auger heating leading 

































Figure 6.8. Schematic diagrams illustrating the charge transfer in CdS-CdSe-CdS 
segmented nanorods in the absence (<N> << 1) and presence (<N> >>1) of Auger 
Recombination. In Auger Recombination, an electron-hole pair recombines 
(process “i”) and will exchange the energy to another electron or hole, exciting it 
to higher energy states (process “ii”). The excited carriers undergo intraband 
relaxation (process “iii”) with a characteristic time constant τ2 delaying the charge 
transfer from CdS to CdSe (process “iv”). 
(a) 


















sub-bands (process “ii” in Fig. 6. 8). The optically excited charge carriers created by the pump 
pulse would try to achieve thermal equilibrium by phonon emission. On the other hand, when 
<N> is greater than one, Auger recombination results in energy release approximately equal to 
the energy gap, which in turn can increase the carrier temperature.   
The rate of energy outflow from the system by the emission of acoustic phonons will be close 
to the rate of increase of carrier temperature by Auger recombination in CdS and CdSe and 
thereby significantly altering the relaxation dynamics.(Achermann et al., 2006) This additional 
energy received by the carriers has to be dissipated before relaxing to the ground state of CdSe 
which will take additional time (process “iii” in Fig 6. 8). Hence, the localization of holes tends 
to be delayed because of Auger recombination, as explained in the schematic (Fig 6. 8). Our 
measurements indicate that Auger recombination can affect the charge transfer dynamics in CdS-
CdSe-CdS segmented nanorods when <N> >>1. To the best of our knowledge, this is the first 
observation of charge transfer getting affected by Auger recombination in hetero-nanostructures. 
The significance of this result is that performance parameters of heterojunction based 
nanodevices could be influenced by Auger recombination, especially in applications such as 




Carrier dynamics in CdS-CdSe-CdS segmented nanorods were investigated using transient 
pump-probe spectroscopy. These studies reveal that the photoexcited holes in CdS can either get 
trapped in CdS itself or can get transferred to CdSe. The hole localization in CdSe segments are 
favoured by the energy land scape and the Coulomb potential drags the electron also towards the 
hole, leading to the observed strong red emission in CdSe. The holes which are trapped in CdS 
will undergo either radiative or non-radiative relaxation, the former being a result of Coulombic 
attraction results in the observed weak emission in CdS segments. Transient pump-probe 
experiments also reveal that the rate of charge transfer depends on the number of electron-hole 
pairs generated per nanorod (<N>), causing  a delay in hole localization in CdSe with increase in 
<N>, the effect becoming prominent as <N> approaches 2. This could be due to enhanced 
carrier-carrier interaction when <N> >>1, resulting in Auger Recombination. This leads to an 
additional heating of carriers, requiring additional time for energy dissipation before localization. 
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The observation of the influence of Auger recombination on charge transfer in hetero-
nanostructures has technological implications since the switching speed, carrier mobility as well 
as the photoluminescence efficiency of the hetero-junction based nanostructures are determined 
































Summary and Future Outlook 
 
7.1. Summary and Conclusion 
 
Materials with high PL quantum yield and multi-photon absorption cross-section on excitation 
in NIR wavelengths are receiving recent interest of scientific community in view of their 
applications in multi-photon microscopy. This imaging technique stands out among other 
conventional imaging techniques, particularly in „deep tissue imaging‟ applications since it make 
use of the NIR wavelength of excitation which lies in the optical window of biological tissues 
optimized by considering the scattering and absorption. The work presented in this thesis aims at 
enhancing the multi-photon absorption cross-section of semiconductor NCs on excitation in NIR 
windows.  Specifically, we investigated the multi-photon action cross-section (product of multi-
photon absorption cross-section and PL quantum yield) of Mn
2+
-doped ZnS QDs and CdS-CdSe-
CdS segmented nanorods.  
Doping can change the emission wavelength of semiconductor NCs. By finding appropriate 
dopants, one can shift the emission wavelength also to NIR region, where the scattering can be 
minimized, thereby enhancing the signal to noise ratio. In Chapter 3, we presented our results on 
the red emission in ZnS NCs where we propose that the emission in ZnS nanocrystals can be 
shifted to NIR-I window by doping with O
2-
 ions, in the presence of interstitial sulfur ions in 
these NCs. By enhancing the PL quantum yield of the observed red emission in these NCs, on 
multi-photon absorption induced PL emission, one can shift both the excitation as well as the 
emission to NIR wavelength range, opening up the possibility of high quality imaging. Besides 
changing the excitation and emission, the quantum confinement effect in QDs as well as the 
strain in the lattice due to defects can change other properties as well, such as shift in the 
vibrational modes of the lattice. The knowledge about the phonon propagation can also be of 
good impact on the performance of these NCs when incorporated on optoelectronic devices, 
apart from the scientific point of view. Raman spectroscopic studies in these O
2-
 doped ZnS NCs 
were also done with the intention of understanding the shift in the vibrational modes on size 
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miniaturization. Our studies, presented in chapter 3, show that acoustic modes get hardened 
whereas optic modes get softened in these as-synthesized ZnS NCs. 
Apart from the wavelength of excitation and emission, other factors such as multi-photon 
absorption cross-section and PL quantum yield can predominantly affect the signal to noise ratio 
in imaging applications. Even though the emission can be shifted to NIR wavelengths in ZnS 
NCs by O
2-
 doping, the PL quantum yield is observed to be very low (<< 1 %) and enhancing the 
quantum yield with the adopted synthesis procedure is difficult. So, we shift our attention to 
Mn
2+
-doped ZnS QDs where we have better control over the dopant concentration and 
simultaneously high PL quantum yield. Doping of transition metal ions of Mn
2+
 is known to 
enhance the PL quantum yield of ZnS QDs (upto 65%) with emission in the range of 585-600 
nm; however, their effect in the non-linear optical properties and the aspects of underlying 
Physics are largely unexplored. Also, the excitation in the Near-Infrared window II (NIR-II) with 
wavelength range from 1000 nm to 1350 nm has been proposed to be most appropriate for bio-
imaging applications in view of their enhanced penetration depth.  In Chapter 4, we investigated 
the multi-photon absorption cross-section in Mn
2+
-doped ZnS QDs on NIR-I excitation. We 
observed that doping can lead to enhanced three-photon action cross-section in NIR-I window 
compared to undoped ZnS QDs as well as the theoretical prediction under four band model, 
attributed to two-photon enhance three-photon absorption. Furthermore, we extended our studies 
to NIR-II excitation where we observed a change in the non-linear absorption mechanism from 
3PA to 2PA. Two-photon action cross-section of ~265 GM has been observed at 1180 nm in 
these QDs, the highest value reported to date among conventional fluorescent probes on 
excitation in NIR-II window.  
Another method to enhance two-photon absorption over a wide range of wavelength is to 
form composites where the constituent components already possess large two-photon absorption. 
Earlier reports show that hetero-junction nanocrystals can have much higher quantum yield 
compared to monocomponent nanocrystals. In our studies presented in chapter 5, we investigated 





 GM has been observed in these segmented nanorods. Analysis of the 
results of MPA-PL studies in these nanorods using Maxwell Garnett theory indicate that the local 
field effect can play a role in determining the effective two-photon absorption cross-section in 
these hetero-junction nanostructures. Excitation at higher intensities is required for applications 
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such as multi-photon microscopy. As the intensity increases, other relaxation mechanisms such 
as Auger recombination can become significant in semiconductor NCs and these mechanisms 
can considerably affect the charge transfer also, resulting in reduced PL quantum yield at high 
intensities. In chapter 6, we investigated the charge transfer dynamics in CdS-CdSe-CdS 
segmented nanorods by transient pump-probe spectroscopy. In particular, we examined the effect 
of Auger recombination on charge transfer in CdS-CdSe-CdS segmented nanorods. 
 
Following are the major conclusions of the work presented in the thesis. 
. 
a) Proposed an approach to shift the emission in ZnS NCs to NIR-I window. 
b) Confirmation of optical mode softening and acoustic mode hardening in as-synthesized 
ZnS NCs. 
c) Demonstration of enhanced three-photon action cross-section in Mn2+-doped ZnS QDs 
compared to undoped ZnS QDs and theoretical prediction under four band model on 
excitation in NIR-I window. 
d) Demonstration of change in non-linear absorption mechanism from 3PA to 2PA in NIR-
II window in Mn
2+
-doped ZnS QDs 
e) Proposed a way to engineer the 2PA by forming hetero-junction semiconductor NCs. 
f) Report on the slowing down of charge transfer in CdS-CdSe-CdS segmented nanorods, as 
a result of Auger recombination. 
 
We hope that the present work is useful in enhancing the understanding of optical nonlinearity 
in low dimensional systems as well as in providing scope for its applications in multi-photon 
microscopy. 
 




-doping can effectively enhance the multi-photon absorption cross-section in ZnS QDs. 
The present study focuses only on 1.1 % Mn
2+
- doped ZnS QDs. The defect level density 
depends on the dopant concentration, and can affect the multi-photon absorption cross-section. 
However, increasing the Mn
2+
 concentration may affect other parameters such as PL emission 
136 
 
wavelength, life time, quantum yield etc. An optimization of Mn
2+
-doping concentration can be 
done in view of the application of these biocompatible QDs in multi-photon microscopy. Also, 
detailed theoretical calculation of 2PA and 3PA of these QDs based on the real levels of these 
transition metal ions can be done as a direct extension of this work.  
Local field is found to be determining effective 2PA cross-section in CdS-CdSe-CdS 
segmented nanorods. However, the analysis is done considering core-shell nanoparticle of 
similar volume ratio. Theoretical modeling for calculating the local field in segmented nanorods 
is another future work possible in this area. Also, our studies indicate that Auger recombination 
can affect the charge transfer from CdS to CdSe, which can in turn affect the luminescence 
efficiency at high intensities. Methods to reduce Auger recombination in CdS can help to get 
good PL efficiency at high intensities, which is another interesting direction possible as a future 
work. Also, the MPA studies can be extended to less cytotoxic semiconductor hetero-
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